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Intellectual Property Rights

IPRs essential or potentially essentia to the present document may have been declared to ETSI. The information
pertaining to these essential 1PRs, if any, is publicly available for ETSI member s and non-member s, and can be found
in ETSI SR 000 314: "Intellectual Property Rights (IPRs); Essential, or potentially Essential, IPRs notified to ETS in
respect of ETS standards’, which isavailable from the ETS| Secretariat. Latest updates are available on the ETSI Web
server (http://www.etsi.org/ipr).

Pursuant to the ETSI IPR Policy, no investigation, including IPR searches, has been carried out by ETSI. No guarantee
can be given asto the existence of other IPRs not referenced in ETSI SR 000 314 (or the updates on the ETSI Web
server) which are, or may be, or may become, essential to the present document.

Foreword

This Technical Report (TR) has been produced by ETSI Technical Committee Electromagnetic compatibility and Radio
spectrum Matters (ERM).

In the second edition, the area of data communi cation measurement uncertainties has been addressed and added to the
work on analogue measurement uncertainties found in the first edition of the report; in addition the diagrams had been
standardised and minor editorial corrections had been carried out.

Introduction

The present document has been written to clarify the many problems associated with the calculation, interpretation and
application of measurement uncertainty and is expected to be used, in particular, by accredited test |aboratories
performing measurements.

The present document isintended to provide, for the relevant standards, methods of cal cul ating the measurement
uncertainty relating to the assessment of the performance of radio equipment. The present document is not intended to
replace any test methods in the relevant standards although clauses 5, 6 and 7 (in TR 100 028-1 [17]) contain brief
descriptions of each measurement (such descriptions are just intended to support the explanationsrelating to the
evaluation of the uncertainties).

More precisaly, the basic purpose of the present document isto:

- provide the method of calculating the total measurement uncertainty (see, in particular annex D and clauses 1 to
5 of TR 100 0281;

- provide the maximum acceptable "window" of measurement uncertainty (seetable B.1 in annex B), when
calculated using the methods described in the present document;

- provide the equipment under test dependency functions (see table F.1 in annex F) which shall be used in the
cal culations unless these functions are evaluated by the individual laboratories;

- provide arecommended method of applying the uncertaintiesin the interpretation of the results (see annex C).

Although the present document has been written in a way to cover alarger spread of equipment than what is actually
stated in the scope (in order to help as much as possible) the particular aspects needed regarding some technol ogies such
as TDMA may have been |eft out, even though the general approach to measurement uncertainties and the theoretical
background is, in principle, independent of the technology.

Hence, the present document is applicable to measurement methodol ogy in a broad sense but care should be taken when
using it to draft new standards or when applying it to a particular technology such asTDMA or CDMA.

In an attempt to help the user and in order to clarify the particular aspects of each method, a number of examples have
been given (including spread sheetsrelating to clause 7 of TR 100 0281 and clause 4 of the present document).

ETSI


http://www.etsi.org/ipr

10 ETSI TR 100 028-2 V1.3.1 (2001-03)

However, these examples may have been drafted by different authors. In a number of cases, simplifications may have
been introduced (e.g. Log (1+x) = x: amplifications and, hopefully, not real errors), in order to reach practical
conclusions, while avoiding supplementary complications.

Asaresult, examples covering similar areas may not be fully consistent. The reader istherefore expected to understand
fully the theoretical basis underlying the present document (annex D provides the basis for the theoretical approach) and
to exercise his own judgement while using the present document.

Asaresult, under no circumstances, could ETS| be held for responsible for any consequence of the usage of the present
document.
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1 Scope

The present document provides a method to be applied to al the applicable standards and (E) TRs, and supports
TR 100 027 [11].

It covers the following aspects rel ating to measurements:
a) methods for the calculation of thetotal uncertainty for each of the measured parameters;
b) recommended maximum acceptable uncertainties for each of the measured parameters;
¢) amethod of applying the uncertainties in the interpretation of the results.

The present document provides the methods of evaluating and cal culating the measurement uncertainties and the
required corrections on measurement conditions and results (these corrections are necessary in order to remove the
errors caused by certain deviations of the test system due to its known characteristics (such asthe RF signal path
attenuation and mismatch loss, etc.)).

2 References
For the purposes of this Technical Report (TR), the following references apply:
[1] The new |EEE standard dictionary of electrical and el ectronic terms. Fifth edition, IEEE
Piscataway, NJ USA 1993.
[2] Antennatheory, C. Balanis, J. E. Wiley 1982.
[3] Antenna engineering handbook, R. C. Johnson, H. Jasik.
[4] "Control of errorson Open Area Test Sites’, A. A. Smith Jnar. EMC technology October 1982
pg 50-58.
[5] |EC 60050-161: "International Electrotechnical Vocabulary. Chapter 161: Electromagnetic
compatibility".
[6] "The gain resistance product of the half-wave dipole”, W. Scott Bennet Proceedings of IEEE
val. 72 No. 2 Dec 1984 pp 1824-1826.
[7] Wave transmission, F. R. Conner, Arnold 1978.
[8] Antennas, John D. Kraus, Second edition, McGraw Hill.
[9] Antennas and radio wave propagation, R. E. Collin, McGraw Hill.
[10] Guide to the Expression of Uncertainty in Measurement (International Organisation for

Standardisation, Geneva, Switzerland, 1995).

[17] ETSI TR 100 027: "Electromagnetic compatibility and Radio spectrum Matters (ERM); Methods
of measurement for private mobile radio equipment”.

[12] ETSI ETR 273: "Electromagnetic compatibility and Radio spectrum Matters (ERM); Improvement
of radiated methods of measurement (using test sites) and evaluation of the corresponding
measurement uncertainties’.

[13] ITU-T Recommendation O.41: "Psophometer for use on telephone-type circuits'.

[14] ITU-T Recommendation O.153: "Basic parameters for the measurement of error performance at
bit rates below the primary rate".

[15] CENELEC EN 55020: "Electromagnetic Immunity of Broadcast Receivers and Associated
Equipment”.
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[16] ETSI ETR 028: "Radio Equipment and Systems (RES); Uncertainties in the measurement of
mohile radio equipment characterigtics'.

[17] TR 100 028-1: "Electromagnetic compatibility and Radio spectrum Matters (ERM); Uncertainties
in the measurement of mobile radio equipment characteristics Part 1".

3 Definitions, symbols and abbreviations

3.1 Definitions

For the purposes of the present document, the following terms and definitions apply:

accuracy: thisterm is defined, in relation to the measured value, in clause 4.1.1; it has also been used in therest of the
document in reation to ingruments

AF load: isnormally aresistor of sufficient power rating to accept the maximum audio output power from the EUT

The value of theresistor should be that stated by the manufacturer and should be the impedance of the audio transducer
at 1 000 Hz.

NOTE 1: In some cases it may be necessary to place an isolating transformer between the output terminals of the
receiver under test and the load.

AF termination: is any connection other than the audio frequency load which may be required for the purpose of
testing the receiver (i.e. in acase whereit isrequired that the bit stream be measured, the connection may be made, viaa
suitable interface, to the discriminator of the receiver under test)

NOTE 2: The termination device should be agreed between the manufacturer and the testing authority and details
should be included in the test report. If special equipment isrequired then it should be provided by the
manufacturer.

antenna: part of atranamitting or receiving system that is designed to radiate or to receive electromagnetic waves

antenna factor : quantity relating the strength of the field in which the antennaisimmersed to the output voltage across
the load connected to the antenna

When properly applied to the meter reading of the measuring instrument, yields the electric field strength in V/m or the
magnetic field strength in A/m.

antenna gain: ratio of the maximum radiation intensity from an (assumed |ossless) antenna to the radiation intensity
that would be obtained if the same power were radiated isotropically by a similarly loss ess antenna

Bit error ratio: ratio of the number of bitsin error to the total number of bits

combining networ k: multipole network allowing the addition of two or more test signals produced by different sources
(e.g. for connection to areceiver input)

NOTE 3: Sources of test signas should be connected in such away that the impedance presented to the receiver
should be 50 Q. The effects of any intermodulation products and noise produced in the signal generators
should be negligible.

correction factor: numerical factor by which the uncorrected result of a measurement is multiplied to compensate for
an assumed systematic error

confidence level: probability of the accumulated error of a measurement being within the stated range of uncertainty of
measurement

directivity: ratio of the maximum radiation intensity in a given direction from the antenna to the radiation intensity
averaged over all directions (i.e. directivity = antenna gain + | osses)

duplex filter: devicefitted internally or externally to a transmitter/receiver combination to alow simultaneous
transmission and reception with a single antenna connection

ETSI



13 ETSI TR 100 028-2 V1.3.1 (2001-03)

error of measurement (absolute): result of a measurement minus the true value of the measurand
error (relative): ratio of an error to thetrue value

estimated standard deviation: From asample of n results of a measurement the estimated standard deviation is given
by the formula:

x; being the ™ result of measurement (i = 1,2,3, ...,n) and x the arithmetic mean of the n results considered.

A practical form of thisformulais:

Where X isthe sum of the measured values and Y isthe sum of the squares of the measured values.

The term standar d deviation has also been used in the present document to characterize a particular probability
density. Under such conditions, the term standar d deviation may relate to situationswhere there is only oneresult for a
measurement.

expansion factor: multiplicative factor used to change the confidence level associated with a particular value of a
measurement uncertainty

The mathematical definition of the expansion factor can be found in clause D.5.6.2.2.

extremetest conditions: are defined in terms of temperature and supply voltage. Tests should be made with the
extremes of temperature and voltage applied simultaneoudly

The upper and lower temperature limits are specified in the relevant ddliverable. The test report should state the actual
temperatures measured.

error (of a measuring instrument): indication of a measuring insrument minus the (conventional) true value
freefield: field (wave or potential) which has a constant ratio between the electric and magnetic field intensities
free Space: region free of obstructions and characterized by the constitutive parameters of a vacuum

impedance: measure of the complex resistive and reactive attributes of a component in an alternating current circuit

impedance (wave): complex factor relating the transverse component of the electric field to the transverse component
of themagnetic field at every point in any specified plane, for a given mode

influence quantity: quantity which is not the subject of the measurement but which influences the value of the quantity
to be measured or the indications of the measuring instrument

inter mittent operation: manufacturer should state the maximum time that the equipment isintended to transmit and
the necessary standby period before repeating a transmit period

isotropic radiator : hypothetical, lossess antenna having equal radiation intensity in all directions

limited frequency range: is a specified smaller frequency range within the full frequency range over which the
measurement is made

NOTE 4: The details of the calculation of the limited frequency range should be given in therelevant deliverable.

maximum per missible frequency deviation: maximum value of frequency deviation stated for the relevant channel
separation in the relevant deliverable
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measuring system: complete set of measuring instruments and other equipment assembled to carry out a specified
measurement task

measur ement repeatability: closeness of the agreement between the results of successive measurements of the same
measurand carried out subject to all the following conditions:

- the same method of measurement;

- the same observer;

- the same measuring instrument;

- thesamelocation;

- the same conditions of use;

- repetition over ashort period of time

measur ement reproducibility: closeness of agreement between the results of measurements of the same measurand,
where the individual measurements are carried out changing conditions such as:

- method of measurement;
- observer;
- measuring insrument;
- location;
- conditions of use;
- time
measur and: quantity subjected to measurement

noise gradient of EUT: function characterizing therelationship between the RF input Sgnal level and the performance
of the EUT, e.g. the SINAD of the AF output signal

nominal frequency: one of the channd frequencies on which the equipment is designed to operate

nominal mains voltage: declared voltage or any of the declared voltages for which the equipment was designed
normal test conditions. defined in terms of temperature, humidity and supply voltage stated in therelevant deliverable
normal deviation: frequency deviation for anal ogue signalswhich is equal to 12 % of the channel separation
psophometric weighting networ k: should be as described in ITU-T Recommendation O.41 [13]

polarisation: figure traced as a function of time by the extremity of the electric vector at afixed point in space, for an
electromagnetic wave

quantity (measurable): attribute of a phenomenon or a body which may be distinguished qualitatively and determined
quantitatively

rated audio output power : maximum output power under normal test conditions, and at standard test modulations, as
declared by the manufacturer

rated radio frequency output power: maximum carrier power under normal test conditions, as declared by the
manufacturer

shielded enclosur e: structure that protectsitsinterior from the effects of an exterior electric or magnetic field, or
conversdly, protects the surrounding environment from the effect of an interior eectric or magnetic field

SINAD sensitivity: minimum standard modulated carrier-signal input required to produce a specified SINAD ratio at
thereceiver output
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stochastic (random) variable: variable whose value is not exactly known, but is characterized by a distribution or
probability function, or amean value and a sandard deviation (e.g. a measurand and the rel ated measurement
uncertainty)

test load: 50 Q subgtantially non-reactive, non-radiating power attenuator which is capable of safdy diss pating the power
from the trangmitter

test modulation: test modulating sgnal isabaseband signal which modulates a carrier and is dependent upon the type of
EUT and & so the measurement to be performed

trigger device: circuit or mechanism to trigger the oscill oscope timebase at the required instant
It may control the tranamit function or inversdy receive an appropriate command from the transmitter.

uncertainty: parameter, associated with the result of ameasurement, that characterizes the dispersion of the valuesthat
could reasonably be attributed to that measurement

uncer tainty (random): component of the uncertainty of measurement which, in the course of a number of
measurements of the same measurand, varies in an unpredictable way (and has not being considered otherwise)

uncertainty (systematic): component of the uncertainty of measurement which, in the course of a number of
measurements of the same measurand remains constant or varies in a predictable way

uncertainty (Type A): uncertainties evaluated usng the statistical analysis of a series of observations
uncertainty (Type B): uncertainties evaluated using other means than the statistical analysis of a series of observations

uncertainty (limits of uncertainty of a measuring instrument): extreme values of uncertainty permitted by
specifications, regulations etc. for a given measuring instrument

NOTE 5: Thistermisaso known as "tolerance”.

uncertainty (standard): expression characterizing the uncertainty for that component, for each individual uncertainty
component

It isthe standard deviation of the corresponding distribution.

uncertainty (combined standard): uncertainty characterizing the complete measurement or part thereof, it is
calculated by combining appropriately the standard uncertainties for each of the individual contributions identified in
the measurement considered or in the part of it which has been considered

NOTE 6: In the case of additive components (linearly combined components where all the corresponding
coefficients are equal to one) and when all these contributions are independent of each other (stochastic),
this combination is calculated by using the Root of the Sum of the Squares (the RSS method). A more
complete methodology for the calculation of the combined standard uncertainty is given in annex D; see,
in particular, clause D.3.12.

uncertainty (expanded): expanded uncertainty is the uncertainty value corresponding to a specific confidence level
different from that inherent to the cal culations made in order to find the combined standard uncertainty

The combined standard uncertainty is multiplied by a constant to obtain the expanded uncertainty limits (see
TR 100 028-1 [17], clause 5.3 and also clause D.5 (and more specifically clause D.5.6.2).

upper specified AF limit: maximum audio frequency of the audio pass-band and is dependent on the channe separation

wanted signal level: leve of +6 dB/uV emf referred to the receiver input under normal test conditions, for conducted
measurements

Under extreme test conditionsthe valueis+12 dB/pV emf.

NOTE 7: For analogue measurements the wanted signal level has been chosen to be equal to the limit value of the
measured usable sensitivity. For bit stream and message measurements the wanted signal has been chosen
to be +3 dB above the limit value of measured usable sensitivity.
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3.2 Symbols

For the purposes of the present document, the following symbols apply:

B 217\ (radiang'm)

% incidence angle with ground plane (°)

A wavd ength (m)

oY phase angle of reflection coefficient (°)

n 120mt Q - theintrinsic impedance of free space (Q)

M permesbility (H/m)

AFg antennafactor of the receive antenna (dB/m)

AFr antennafactor of the tranamit antenna (dB/m)

AFtor mutual coupling correction factor (dB)

Ceross cross correlation coefficient

D(6,9 directivity of the source

d distance between dipoles (m)

o skin depth (m)

d; an antenna or EUT aperture size (m)

d, an antenna or EUT aperture size (m)

dg;, path length of the direct signal (m)

ey path length of the reflected signal (m)

E eectric field intensity (V/m)

Epym calculated maximum electric field strength in the receiving antenna height scan from a half
wavelength dipole with 1 pW of radiated power (for horizontal polarisation) (UV/m)

Epy™ calculated maximum electric field strength in the receiving antenna height scan from a half
wavelength dipole with 1 pW of radiated power (for vertica polarisation) (uV/m)

™ antenna efficiency factor

® angle (°)

Af bandwidth (Hz)

f frequency (Hz)

G(6,9 gain of the source (which is the source directivity multiplied by the antenna efficiency factor)
magnetic field intensity (A/m)

lo the (assumed constant) current (A)

Im the maximum current amplitude

k 217A

k afactor from Student'st distribution

k Boltzmann's constant (1,38 x 10-23 J°K)

K relative dielectric constant

I the length of the infinitesimal dipole (m)

L the overall length of the dipole (m)

I the point on the dipole being considered (m)
A wavelength (m)

Pe probability of error n

Pp o) probability of position n

P, antennanoise power (W)

Prec power received (W)

P power transmitted (W)

0 angle (°)

p reflection coefficient

r the distance to thefield point (m)

Py reflection coefficient of the generator part of a connection
P reflection coefficient of the load part of the connection
Ry equivalent surface resistance (Q)

o conductivity (S/m)

o standard deviation

SNR« signal to noiseratio at a specific BER
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signal to noiseratio per bit
antenna temperature (°K)

the expanded uncertainty corresponding to a confidence level of x %: U =k x u.
the combined standard uncertainty

general type A standard uncertainty

random uncertainty

general type B uncertainty

reflectivity of absorbing material: EUT to the test antenna

reflectivity of absorbing material: substitution or measuring antenna to the test antenna
reflectivity of absorbing material: transmitting antennato the receiving antenna

mutual coupling: EUT to itsimagesin the absorbing material

mutual coupling: de-tuning effect of the absorbing material on the EUT

mutual coupling: substitution, measuring or test antennato its image in the absorbing material
mutual coupling: tranamitting or receiving antennato itsimage in the absorbing material
mutual coupling: amplitude effect of the test antenna on the EUT

mutual coupling: de-tuning effect of the test antenna on the EUT

mutual coupling: tranamitting antenna to the receiving antenna

mutual coupling: substitution or measuring antenna to the test antenna

mutual coupling: interpolation of mutual coupling and mismatch |oss correction factors
mutual coupling: EUT to itsimage in the ground plane

mutual coupling: substitution, measuring or test antennato itsimagein the ground plane
mutual coupling: tranamitting or receiving antennato itsimage in the ground plane
range length

correction: off boresight angle in the elevation plane

correction: measurement distance

cable factor

position of the phase centre: within the EUT volume

positioning of the phase centre: within the EUT over the axis of rotation of the turntable
position of the phase centre: measuring, substitution, receiving, transmitting or test antenna
position of the phase centre: LPDA

stripline: mutual coupling of the EUT to itsimagesin the plates

stripline: mutual coupling of the 3-axis probe to itsimage in the plates

stripline: characteristic impedance

stripline: non-planar nature of the field distribution

stripline: field strength measurement as determined by the 3-axis probe

stripline: Transform Factor

stripline: interpolation of values for the Transform Factor

stripline: antenna factor of the monopole

stripline: correction factor for the size of the EUT

stripline: influence of site effects

ambient effect

mismatch: direct attenuation measurement

mismatch: transmitting part

mismatch: receiving part

signal generator: absolute output level

signal generator: output level stability

insertion loss: attenuator

insertion loss: cable

insertion loss: adapter

insertion loss: antenna balun
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antenna: antenna factor of the transmitting, receiving or measuring antenna
antenna: gain of the test or substitution antenna

antenna: tuning

receiving device: absolute level

receiving device: linearity

receiving device: power measuring receiver

EUT: influence of the ambient temperature on the ERP of the carrier
EUT: influence of the ambient temperature on the spurious emission level
EUT: degradation measurement

EUT: influence of setting the power supply on the ERP of the carrier
EUT: influence of setting the power supply on the spurious emission level
EUT: mutual coupling to the power leads

frequency counter: absolute reading

frequency counter: estimating the average reading

Salty man/Salty-lite: human simulation

Salty man/Salty-lite: field enhancement and de-tuning of the EUT

Test Fixture: effect on the EUT

Test Fixture: climatic facility effect on the EUT

received voltage for cables connected via an adapter (dBuV/m)

received voltage for cables connected to the antennas (dBpV/m)
radiated power density (W/m?)

Other symbols which are used only in annexes D or E of the present document are defined in the corresponding

annexes.

3.3

Abbreviations

For the purposes of the present document, the following abbreviations apply:

AF
A-M1

A-M2

A-M3

BER
BIPM
c

d
DM-0
DM-1
DM-2

D-M3

NOTE:

emf
EUT
FSK
GMSK
GSM
IF

Audio Freguency

test modulation consisting of a1 000 Hz tone at alevel which produces a deviation of 12 % of the
channel separation

test modulation consisting of a1 250 Hz tone at alevel which produces a deviation of 12 % of the
channel separation

test modulation consisting of a400 Hz tone at alevel which produces adeviation of 12 % of the
channdl separation. Thissgnal isused as an unwanted signal for anal ogue and digital measurements
Bit Error Ratio

International Bureau of Weights and Measures (Bureau International des Poids et Mesures)
calculated on the basis of given and measured data

derived from a measuring equipment specification

test modulation consisting of a sgnal representing an infinite series of ‘0" bits

test modulation consisting of a sgnal representing an infinite series of '1' bits

test modulation consisting of a signal representing a pseudorandom bit sequence of at least 511 hits
in accordance with ITU-T Recommendation O.153 [14]

test signal should be agreed between the testing authority and the manufacturer in the cases where
itisnot possible to measure a bit stream or if selective messages are used and are generated or
decoded within an equipment

The agreed test signal may be formatted and may contain error detection and correction. Details of the
test signal should be supplied in the test report.

Electromotive force

Equipment Under Test

Frequency Shift Keying

Gaussian Minimum Shift Keying

Global System for Mobile telecommunication (Pan European digital telecommunication system)
Intermediate frequency
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m measured

NaCl Sodium chloride

NSA Normalised Site Attenuation

p power level value

% voltage level value

r indicates rectangular digtribution

RF Radio Frequency

rms root mean square

RSS Root-Sum-of-the-Squares

u indicates U-distribution

VSWR Voltage Standing Wave Ratio
4 Receiver measurement examples

The following clauses show example measurement uncertainty calculationsfor arange of test configurationsinvolving
avariety of uncertainty contributions. Components essential for the measurement uncertainty calculations are shown in
the accompanying drawings. Influence quantities (such as supply voltage and ambient temperature) are not shown in the
drawings although they are present in the examples.

Symbols and abbreviations used in the examples are explained in clause 3.2 and clause 3.3 of TR 100 028-1 [17]. The
test configuration, uncertainty contributions and the cal culations are only examples and may not include dl the
possibilities. It isimportant that, where applicable, the errors are identified as either systematic or random for the
purpose of making the calculations. Each exampleis calculated for a confidence level of 95 %.

Many of the cal culations on the following pages have been reproduced in spreadsheet form to provide the reader with a
structured and time-saving approach to cal culating measurement uncertainty. The spreadsheets a so allow the reader to
make modifications to the cal culations to meet individual needs where the effects of each contribution can be assessed
more effectively. Where the related spreadsheet has been made available by ETSI, an appropriate reference has been
included in the text.

4.1 Conducted

4.1.1 Maximum usable sensitivity

41.1.1 Maximum usable sensitivity for analogue speech
a) Methodology
. ‘ ‘ Receiver Psophometric weighting
ezsrwlgglor 9]( cable* under ——> Igaij —> network and
9 test SINAD meter
\ \

Figure 1: Maximum usable sensitivity measurement configuration (Analogue Speech)

A signal generator is connected to the antenna connector of areceiver under test via a cable (seefigure 1). The low
frequency output of thereceiver is suitably terminated and fed to a psophometric filter connected to a SINAD meter.
The signal generator is modulated with normal modulation. The level is adjusted until the SINAD meter reading is
20 dB. Maximum usable sensitivity isrecorded as the signal generator level after correction for cable loss.

b) Measurement uncertainty

Mismatch uncertainty:
- dgnal generator reflection coefficient is0,2 (d);
- receiver reflection coefficient (table F.1) is0,2;

- cablereflection coefficientsare 0,1 (m).
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In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB (x1 linear).

02x0,1x100% _
Uj mismatch: generator and cable = T =1414 % (v)
01%0,2x100%
Uj mismatch: cableand receiver = ———— = = 1414 %(v)
J2
02x0,2x1% x100%
Uj mismatch: generator and receiver = 72 =2828 %(v)

The combined standard uncertainty for mismatch is:

Uemisrach: = VL4142 +1414% + 2828 = 3464% (1)
RF level uncertainty:
Signd generator level uncertainty is+1 dB (d)(r):

10
Uig =—=0,577dB
j signal generator level \/g

Uncertainty of the cable attenuation is 0,104 dB (c)(0).

The combined standard uncertainty for thelevel is:

2
Ugteva: =1 2224 405772 + 01042 = 0659 dB

SINAD and deviation uncertainty:
SINAD meter uncertainty is+1 dB (d)(r):

10
Uj SINAD meter — E =0,577dB

Deviation uncertainty is 5,3 % (d)(r)

53
Uj deviation = ﬁ =3,06%

NOTE: Deviation and SINAD uncertainties can be combined directly (with the same units) astherelationship is
linear.

The combined standard uncertainty for SINAD is

, (306)°
Uc SINAD & deviation: = /0977 {Ej =0,635dB

SINAD uncertainty is converted to an RF level uncertainty by means of formula5.2 (of TR 100 028-1 [17]) and table
F.1. Dependency values found in table F.1 are;

- mean value of 1,0 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.
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Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:
- mean vaueof 1,0 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level /dB SINAD.
Therefore:

Uc convertel SINADS Deviation = \/ (0635 dB) «10 dBzr ip 1eet/dBgy NAD)2 + (0,2 dBrr ifp 1eel /0By NAD)2 ) =0,648dB

Uncertainty due to temperature:
Ambient temperature uncertainty is +3°C.

Ambient temperature uncertainty is converted to alevel uncertainty by means of formula 5.2 (of TR 100 028-1[17])
and table F.1. Dependency values found in table F.1 are;

- mean value of 2,5 %V /°C;
- standard deviation of 1,2 %V /°C.
Therefore:

Uj converted ambient = [ 2 3(,: }’{(2,5 %/ OC)Z + (1,2 %/ OC)ZJ: 48%(v)

Random uncer tainty:
Random uncertainty is 0,2 dB (m)(o).

The combined standard uncertainty for maximum usable sensitivity is:

— 2 2 2 2
Uc maximum sensitivity = \/uc level F Ucconverted SINAD & deviation  + Ujconverted ambient Ui random

2
Uc maximum sensitivity = \/0:6592 +0,6482 + (E‘i) +0,2°= 1034 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 1,034 dB = 2,03 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measur ement uncertainty

This calculation has been implemented in a corresponding spreadsheet (seefile "Maximum usable sensitivity.xIs") and
isavailable in tr_10002802v010301p0.zip.

ETSI



22 ETSI TR 100 028-2 V1.3.1 (2001-03)

41.1.2 Maximum usable sensitivity for a bit stream
a) M ethodology
Bit Bit error
stream > measuring
generator test set

Signal cable nggévrer 3 AF
generator >< >< test Termination
| |

Figure 2: Maximum usable sensitivity measurement configuration (Bit Stream)

A signal generator is connected to the antenna connector of areceiver viaacable (see figure 2). The signal generator is
set to the nominal frequency of the receiver and modulated by appropriate test modulation. The amplitude of the signa
from the generator is adjusted until abit error ratio of 10°isobtained from a sample size of 2 500 bits. The maximum
usable sensitivity for abit stream isrecorded asthe signal generator level after correction for the cable loss.

b) Measurement uncertainty

Mismatch uncertainty:
- signal generator reflection coefficient is0,2 (d);
- receiver reflection coefficient (table F.1) is0,2;
- cablereflection coefficientsare 0,1 (m).

In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB (x1 linear).

0,2x01x100%
Ujj mismatch: generator and cable = T =1414% (v)
0.1x0,2%x100%
Uj mismatch: cable and receiver = T =1414%(v)
02x0,2x1% x100%
Uj mismatch: generator and receiver = \/E =2828%(v)

The combined standard uncertainty for mismatch is:

Ugmismatch = V14142 + 14142 + 28087 =3464% ()
RF level uncertainty:

Signd generator level uncertainty +1 dB (d)(r):

10
Uj signal generator level = ﬁ =0,577dB

Uncertainty of the cable attenuation is+0,104 dB (c)(0).

The combined standard uncertainty for theleve is:

2
Uglovel = \/[31464J +05772 + 00142 = 0659 dB
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Uncertainty due to temperature:
Ambient temperature uncertainty is +3°C.

Ambient temperature uncertainty is converted to alevel uncertainty by means of formula 5.2 (see TR 100 028-1 [17])
and table F.1. Dependency values found in table F.1 are;

- mean value of 2,5 %V/°C;
- standard deviation of 1,2 %V/°C.
Therefore:

2
° 2
Uj converted ambient = [ 2 3C }{(215 %/ OC)Z +(1'2 %/ OC) ] =4,8%(v)

Random uncertainty:

Random uncertainty is 0,2 dB (o)(m).

BER uncertainty:

Case 1: Error associated with digital non-coher ent direct modulation

In this casethe RF signal is directly modulated. It has been assumed that the SNR;, is proportional to the RF input level.
Oger Must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is cal culated using formula 6.10:

001 x 099 3
UjBER = " = 2 x 10
JBER 2500

The theoretical signal to noiseratio for aBER of 10 is cal culated using formula 6.19:
SNR, =-2 xIn (2 x 0,01) = 7,824.
At aBER of 10 the slope of the BER function is0,5 x BER = 0,5 x 10 (formula 6.21).

Theresulting level uncertainty (formula 6.16) is.

2 x 103
05 x 102 x 7824

Uj converted BER = 100 % = 511 %(p)

ThisRF level uncertainty is then combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 2a: Error associated with digital non-coher ent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to SN ratiois still 1:1.

Case 2b: Error associated with digital non-coher ent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent and ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (of
TR 100 028-1[17]). Dependency values found in table F.1 (noise gradient, bel ow the knee point) are:

- mean value of 0,375 % RF level/% SINAD;
- standard deviation of 0,075 % RF level/% SINAD.
Therefore:

Uj converted BER™ \/ (511 9%)* x ((0:375 Y%rr i leve | Y051 NAD)Z + (01075 YorEilplevel | YoanAD )2)=1,954% ()

ThisRF level uncertainty isthen combined with the rest of the part uncertainties to give thetota RF level uncertainty.
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Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is cal culated using formula 6.10:

0,01x0,99 3
UjBER = |~ 2=2 x 10
JBER 2500

The theoretical signal to noiseratio for aBER of 107 isread from figure 18 where SNR,(0,01) = 2,7.

1

2 x \mx 27

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

At this signal-to-noise ratio, the dope of the BER function is = x @27 = 0012 (formula6.14)

2x10°3

— Y x100%-= 6,97%
10,25x1073x2,8 (P)

Olevel =

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 4a: Error associated with digital coherent sub-carrier modulation oper ating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent ana ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,375 % RF level/% SINAD;
- standard deviation of 0,075 % RF level/% SINAD.
Therefore:

U converted BER = \/(617 %)% x ((01375 %Rripleve | Y09NAD )2 + (01075 %Rripleve | Y09NAD )2):2136 %(p)
ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.

The combined standard uncertainty for maximum usable sensitivity (for abit stream) is:

— 2 2 2
U ¢ maximum sensitivity = \/uc level +Ujconvertedambient T Ujrandom T Uj converted BER

Combined standar d uncertainty:

Total uncertainty: Case 1 and case 2a

2 2
48 511
Uc maximun sersitivity = \/016592 +(ll,5] +O,22 +(230] = O,84dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,84 dB = +1,65 dB (see clause D.5.6.2).
Total uncertainty: Case2b

2 2
48 1954
U ¢ maximun sensitivity = \/05592 + (11’5] +02? +( 230] =031dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,81 dB = +1,59 dB (see clause D.5.6.2).
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Total uncertainty: Case 3 and case 4a

48 617
Uc maximun sensitivity :\/06592 (l '5] 0122 (230] =085 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,85 dB = +1,67 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

48 2,36
Uc maximun sensitivity = \/O 6592 [l '5] 0122 [230] =081dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,81 dB = +1,59 dB (see clause D.5.6.2).

4.1.1.3 Maximum usable sensitivity for messages

a) Methodology

A signal generator is connected to the antenna connector of areceiver under test via a cable (seefigure 3). The signal
generator isat the nominal frequency of thereceiver and ismodulated by appropriate modulation. The test signal is
applied repeatedly until the specified success calling rateis achieved. The maximum usable sensitivity is recorded as
the average level from the signal generator (from 10 samples) after correction for theloss of the cable.

Response
Message measuring
generator test set

‘ Receiver

Signal cable AF
generator >< >< ugjs?r > Termination
\ \

Figure 3: Measured usable sensitivity measurement configuration (Messages)

b) Measurement uncertainty

Mismatch uncertainty:
- signal generator reflection coefficient is0,2 (d);
- receiver reflection coefficient (table F.1) is0,2;
- cablereflection coefficientsare 0,1 (m).

In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB.

0,2x01x100%
Ujj mismatch: generator and cable = T =1414%(v)
_ 01x0,2x100%
Ujj mismatch: cableand receiver T =1414 %(v)
0,2%0,2x12 x100%
Uj mismatch : generator and receiver — 72 =2828%(v)
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The combined standard uncertainty for mismatch is:

Ue mismetan: = V14142 +14142 + 28282 = 3464 % (v)
RF level uncertainty:
Signd generator level uncertainty is+1 dB (d)(r):

10
Uijg =—==0,577dB
j signal generator level \/5

Uncertainty of the cable attenuation is 0,104 dB (c)(0).

The combined standard uncertainty for thelevel is:

2
Ucleve = \/[31124] +0577% +01042 =0,659 dB

Uncertainty due to methodology:

The standard uncertainty for the measurement methodology (as theresult isthe average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [17] and is used in this example (m)(0).

Uncertainty due to temperature:
Ambient temperature uncertainty is +3°C.

Ambient temperature uncertainty is converted to alevel uncertainty by means of formula 5.2 (see TR 100 028-1 [17])
and table F.1. Dependency values found in table F.1 are;

- mean value of 2,5 %V/°C;
- standard deviation of 1,2 %V/°C.
Therefore:

3°C o o
et - [ 3 }x((ﬁ%, cf +hzsr P as

Random uncer tainty:
Random uncertainty 0,2 dB (m)(0).

The combined standard uncertainty for maximum usable sensitivity (for messages) is.

— 2 2 2 2
Uc maximum sensitivity = \/Uc level * Uj methodology T Uj converted ambient * Uj random

2
Uc maximum sensitivity = \/0,6592 +0,28% + (%j +0,22 = 0853 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,853 dB = +1,67 dB (see clause D.5.6.2).
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4.1.2 Co-channel rejection

4.1.2.1 Co-channel rejection for analogue speech

a) Methodology

A receiver under test is connected to two signal generators through a combining network. A 6 dB attenuator isinserted
between generator A and the combiner to reduce mismatch uncertainty when the test configuration isused for other
testsinvolving out of band signals. The audio frequency output from the receiver is connected, suitably terminated, to a
SINAD meter through a psophometric filter (see figure 4). Co-channel rejection isrecorded (for agiven SINAD
reading) as the difference between the signal levels from generator A and generator B after correction for the attenuator.

Psophometric
weighting AF load or
network and accoustic coupler
\ ‘ SINAD meter

Signal v |6dB
generator A ’[‘ att.

‘ 6 dB ‘ Receiver
Resistive > under
combiner ﬂ test
Signal \‘, |
7 X

generator B ‘

Figure 4: Co-channel rejection measurement configuration for analogue speech
b) Measurement uncertainty
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
U wanted signal = ﬁ =0,577dB

Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):
1
Uj unwanted signal = _3 =0,577dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).
Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch cal culations).
Combiner tracking is+0,1 dB:

01
U combiner tracking = ﬁ =0,058dB

Mismatch uncertainty

generator reflection coefficients (A and B) are 0,2 (d);

- combiner reflection coefficients are 0,1 (d);

- recelver under test reflection coefficient (table F.1) is0,2;
- attenuator reflection coefficientsare 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.
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Mismatch between generator A and EUT:

0,2x01x100 , _
Ujmismatch:generatorA andatt = f% =1,414% (v)
2
01x01x100,, _
Ujmismatch:attandcombiner = T %=0,707% (v)
2
01x0,2x100,, _
ujmismatch:combi nerandEUT — f%—l‘u‘l % (V)
2
0,2x0,1x0,5? x100
Ujmismatch :generator A andcombiner = 2 %=0,354%(V)
2
01x0,2x0,5% x100
Ujmismatch:attand EUT ~ 2 %=0,354% (v)
2
0,2x0,2x 0,5 x0,5% x100
Ujgenerator A andEUT = \/7 %=0,177% (V)
2
Uncertainty contribution due to the third combiner port:
0,2x0,2x0,5° x 05* x100
Ujmismatch:generator A andgenerator B = 2 %=0177% (v)
01x0,2x 0,52 100
Ujmismatch :attenuator andgenerator B = %=0,354% (V)
J2
0,2x0,2x0,5% x100
Ujmismatch:generator BandEUT = 2 %=0,707% (v)

Uncertainty due to the reflection coefficient at the third port:

_ 0,2x0,5%0,5%100

Uimi ; = %=7,071% (v)
jmismatch:generator B 05% ﬁ

Total mismatch uncertainty from generator A to EUT:

_ 14142 +0,7072 +1,414% +0,3542 + 03542 + 01772 + 01772 + 0,3542 + 0,7072 +7,0712

u = =0,650B
cgen AtoEUT 115
Mismatch between generator B and EUT:
0,2x01x100_, _
Ujjmismatch:generatorB andcombiner = ——————%=1,414%(v)
J2
01x0,2x100 ., _
Ujmismatch:combinerandEUT = = — %=1,414% (v)
J2
0,2x0,2x 0,52 x100
Ujmismatch: generator BandEUT = %=0,707% (v)
V2
Uncertainty contribution due to the third combiner port:
0,2x0,1x0,5% x100
Ujjmismatch :generator Bandattenuator — %=0,354% (V)
J2
0,2x0,1x 0,52 x100
Ujmismatch:EUT andatt ~ 2 %=0,354% (V)
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0,2x0,2x0,5% x 0,52 x100
Ujmismatch :generator Bandgenerator A = f %=0177% (v)
2
0,2x0,2x0,52 x0,5% x100
Ujmismatch:EUT andgenerator A = 2 %=0177% (V)

Uncertainty due to the reflection coefficient at the third port:

01x0,5%0,5%100
Ui mismatch-att = ——— o ——%=3536% (V
jmismatch:att 05x hz 0 o(v)
2
0,2x0,5°x0,5%x0,5%x100
Uimi . == . . . %=1,768% (v
jmismatch :generator A 05x h2 0=1, 0(V)

Total mismatch uncertainty from generator B to EUT:

14142 +14142 + 07077 + 0354 +03542 + 01772 + 0177 + 3536 +1766

Ucmismatch gen B to EUT ~ 115 =039dB

The combined standard uncertainty for mismatch is:

_ 2 2
Uc mismatch = \/ucgenA to EUT +Ucgen B toEUT

Uc mismatch = V01652 + 0,392 =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level di fference = \/uj wanted signal T Uj unwanted signal TUj atten U j combiner tracking TUc mismatch

Uc level difference = \/05772 + 05772 + 0,22 + 0,0582 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Ucwanted signal = \/uj wanted signal T Uj attenuator T Uc gen Ato EUT

U anted signal = V05772 +02% + 0652 =0,8920lB

The wanted level uncertainty is converted to an RF leved difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean valueof 0,5 % RF level/% RF levd;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like unitsareinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF leve;
- standard deviation of 0,2 dB RF level /dB RF levd.
Therefore:

"

Uc converted wanted™ \/(0'892 dB)2 X ((015 BRFievel /IBRFlevel )2 + (O,ZdB RFlevel /OB RE level )2) =0,480dB
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SINAD uncertainty:

SINAD meter uncertainty =1 dB (d):

1
Uj SINAD meter el =0,577dB

Deviation uncertainty (wanted signal) is +5,3 % (d)(r):

53
Uj deviation wanted signal — ﬁ =3,06%

Deviation uncertainty (unwanted signal) is £5,3 % (d)(r).
Deviation isassumed to be 3 kHz so deviation uncertainty in Hz = (5,3 %/100) x 3,0 kHz = £159 Hz.

Deviation uncertainty of the unwanted signal is converted to a SINAD uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,05 % SINAD/Hz;
- standard deviation of 0,02 % SINAD/Hz.
Therefore:

2
ui deviation converted to SINAD — \/[(3-59:?2)} x ((0:05 %/ HZ)2 + (0'02 %/ HZ)Z) =4,94%

The combined standard uncertainty for the SINAD is:

2 2
UcgNAD = \/0,5772 +GTOEJ +(—jf;j =0,767dB

SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1[17]) and table
F.1. Dependency values found in table F.1 are;

- mean valueof 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,7 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level /dB SINAD.
Therefore:

Uc convertedSI NADS. Deviation™= \/ (076748} x ((0,7 dBrF ifp leel /dBy NAD)2 + (0,2 dBrr i/p leal/dBy NAD)Z) =0,55&iB

Random uncer tainty:
Random uncertainty is 0,2 dB (o)(m).

The combined standard uncertainty for co-channel r g ection (analogue speech) is:

— 2 2 2 2
Uc co—channdl rejection = \/Uc level difference ¥ Ucconverted wanted  +Uc converted SINAD & deviation + Uj random

Uc co-channl rejection = 1132 + 04802 + 05582 + 022 = 136 dB
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Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,36 dB = +2,67 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file "Co-channel rejection.x|s’) and is
availablein tr_10002802v010301p0.zip.

4.1.2.2 Co-channel rejection for bit stream
a) Methodology

A receiver under test is connected to two signal generators through a combining network (seefigure5). A 6 dB
attenuator isinserted between generator A and the combiner to reduce mismatch uncertainty when the test configuration
isused for other testsinvolving out of band signals. Signal generator A is set to asuitable level a the nominal
frequency of the receiver and modulated by appropriate modulation. Signal generator B, also modulated by appropriate
modulation, is adjusted until a bit error ratio of 107 is obtained from a sample size of 2 500 hits. Co-channel rejection
isrecorded as the difference between the signal levels from generator A and generator B after correction for the
attenuator.

Bit stream mBeItaglzrr(i)r:g < Termination
N
generator test set \ﬁ
Signal e |6dB
generator A < att. ﬂ<—\ ‘
‘ 6 dB Receiver
Resistive % under
combiner test
Signal \‘ | |

generator B

P
X

Figure 5: Co-channel rejection measurement configuration for bit stream

b) Measurement uncertainty

Generator A level uncertainty (wanted signal) £1 dB (d)(r):
1
Uj wanted signal = ﬁ =0,577dB

Generator B level uncertainty (unwanted signal) £1 dB (d)(r):

Uj unwanted signdl = = O,577dB

1
V3
6 dB attenuator uncertainty is 0,2 dB (c)(0).

Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch calculations).

Combiner tracking +0,1 dB:

01
U combinertracking = —3 =0,058dB

Mismatch uncertainty
- generator reflection coefficients (for A and B) are 0,2 (d);
- combiner reflection coefficients are 0,1 (d);

- receiver under test reflection coefficient (table F.1) is0,2;

ETSI



32 ETSI TR 100 028-2 V1.3.1 (2001-03)

- attenuator reflection coefficientsare 0,1 (d).
Mismatch for abit stream is calculated in the same way as for analogue speech (clause 4.1.2.1) where:

Total mismatch uncertainty from generator A to EUT:

1412 +0707 + 14142 + 0358 +0354 + 0177 +0177 +0354 + 0707 + 7077

u = =0650B
cgen A toEUT 115
Total mismatch uncertainty from generator B to EUT:
14142 +14142 +07072 +03542 + 01772 + 03542 + 01772 + 35362 +1768% _
Uc gen B to EUT = =0,39dB

115

The combined standard uncertainty for mismatch is:

— 2 2
Uc mismatch = \/ucgenAto EUT T UcgenBtoEUT

Uc mismatch = V 0,652 + 0,392 =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level di fference = \/uj wanted signal T Uj unwanted signal  tUj atten T Uj combiner tracking 1Uc mismatch

Uc level difference = \/05772 + 05772 + 0,22 + 0,0582 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Ucwanted signal = \/uj wanted signal U attenuator T Uc gen Ato EUT

Uc wanted signal = \/015772 +0,2% +065° =0,8920B

The wanted level uncertainty is then converted to an RF level difference uncertainty by means of formula5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF leve;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF levd;
- standard deviation of 0,2 dB RF level /dB RF level.
Therefore:

P \

Uc converted wanted™ \/(0'892 dB)2 X ((015 UBrreve /0BREIeve )2 + (O,ZdB RFlevel /OB RE level )2) =0,480dB

Random uncer tainty:

Random uncertainty (valid for all measurements) is 0,2 dB (m)(o).
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BER uncertainty:
Case 1: Error associated with digital non-coher ent direct modulation

In this casethe RF signal is directly modulated. It has been assumed that the SNR;, is proportional to the RF input level.
0 BER must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is cal culated using formula 6.10:

001 x 099 3
UjBER = " = 2 x 10
JBER 2500

The theoretical signal to noiseratio for aBER of 107 is cal culated using formula 6.19:
SNR; = -2 % In (2 x 0,01) = 7,824.
At aBER of 10 the slope of the BER function is0,5 x BER = 0,5 x 10 (formula 6.21).

Theresulting level uncertainty (formula 6.16) is:

2 x10°

: 100 % = 5119%(p)
05 x 1072 x 7,824

Uj converted BER =

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 2a: Error associated with digital non-coher ent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to SN ratiois still 1:1.

Case 2b: Error associated with digital non-coher ent sub-carrier modulation below the knee point

RF leve uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent ana ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (see TR 100 028-
1[17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean valueof 0,7 % RF level/% SINAD;
- standard deviation is 0,2 % RF level/% SINAD.
Therefore:

Uj converted BER™ \/(511 %)* ((0:7 YorF ifplevel | % NAD)2 + (0:2 %orF ifplevel | YognAD )2):3:720 %(p)
ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.

Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is cal culated using formula 6.10:

0,01x0,99 3
Ui e = 2?22 10
I BER 2500

The theoretical signal to noiseratio for aBER of 107 isread from figure 18 where SNR,(0,01) = 2,7.

1

2 x \mx 27

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

At thissgna to noiseratio, the dlope of the BER function is = x @27 = 0012 (formula6.14).

2x10°3

Y x100%-= 6,97%
10,25x1073x2,8 P)

Olevel =

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetota RF level uncertainty.
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Case 4a: Error associated with digital coherent sub-carrier modulation oper ating above the knee point
For above the knee point case 3 applies.
Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF leve uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent ana ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean valueof 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.
Therefore:

Uj converted BER = \/(617 %)? x ((07 Yorr ifp level | Y NAD)2 + (02 YorF ifp lewel | g NAD)2)=4v49 %(p)
ThisRF level uncertainty isthen combined with the rest of the part uncertainties to give thetotal RF level uncertainty.

The combined standard uncertainty for co-channel rejection (for a bit stream) is:

— 2 2 2 2
Uc co—channel rejection = \/ U level difference + Uc converted wanted  + Uj random  + Uj converted BER

Total uncertainty: Case 1l and 2a

511
Uc co—channel rejection = \/1»132 +0,480% +0.2° + (EJ-O

2
j =1,26dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

Total uncertainty: Case2b

3,720
Uc co-channel rejection = \/1.132 + 0,4802 + 0,22 + ( 230

2
] =125dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,25 dB = +2,45 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and 4a

617

2
Uc co-channel rejection = \/1132 +0480% +0,2% + (2 ] =127dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,27 dB = +2,49 dB (see clause D.5.6.2).

Total uncertainty: Case4b

2
= |113% +0,480° +0,2° + 4491 _ 1,26dB
230

u

cco—channel rejection

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

ETSI



35 ETSI TR 100 028-2 V1.3.1 (2001-03)

4.1.2.3 Co-channel rejection for messages
a) Methodology

A receiver under test is connected to two signal generators through a combining network (see figure 6). A 6 dB
attenuator isinserted between generator A and the combiner to reduce mismatch uncertainty when the test configuration
isused for other testsinvolving out of band signals. Signal generator A is set to asuitable level a the nominal
frequency of the receiver and modulated by appropriate modulation. The signal from generator B, also modulated by
appropriate modulation, isthen varied in level until the specified success calling rate is achieved. Co-channd rejection
isrecorded as the difference between the average level of generator A (from 10 samples) and generator B, after
correction for the 6 dB attenuator.

Message Response
measuring < Termination
generator test set A
Signal e |6dB| g o
generator A ﬂ\ att. | 7 | ‘
6 dB Receiver
| | et Si¢ nder
resistive ﬂ\ unae
combiner test
Signal L |
generator B -

Figure 6: Co-channel rejection measurement configuration for messages

b) Measurement uncertainty

Generator A level uncertainty (wanted signal) £1 dB (d)(r):

6 dB attenuator uncertainty is 0,2 dB (m)(0).
Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch cal culations).
Combiner tracking 0,1 dB:

01
U combinertracking = —7= — 0,058 dB

@

Mismatch uncertainty
- generator reflection coefficients (for A and B) are 0,2 (d);
- combiner reflection coefficients are 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;

- attenuator reflection coefficientsare 0,1 (d).
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Mismatch for messages is calculated in the same way as for analogue speech (clause 4.1.2.1) where:

Total mismatch uncertainty from generator A to EUT:

_ \/1,4142 +0,7072 +1,414% + 0,354 + 0,3542 + 01772 + 01772 +0,354° + 0,707° +7,071°

u = =0,65dB
cgen AtoEUT 115
Total mismatch uncertainty from generator B to EUT:
14142 +1,4142 + 07072 + 0,354 + 01772 +0,3542 + 01772 + 35362 +1,768% _
UcgenBtoEUT = =0,39dB

115

The combined standard uncertainty for mismatch is:

— 2 2
Uc mismatch = \/ UcgenAtoEUT T+ UcgenBtoEUT

Uc mismatch = V01652 + 0,392 =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Ucleve difference = \/uj wanted sgndl T Uj unwanted signal T Ujatten + Uj combiner tracking  + Uc mismatch

Uc level difference = \/05772 + 05772 + 0,22 + 0,0582 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Ucwanted signal = \/uj wanted signal U attenuator T Uc gen Ato EUT

Uo vented signal = V05772 +02% +0652 =0,892B

The wanted level uncertainty is then converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF leve;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF levd;
- standard deviation of 0,2 dB RF level/dB RF levd.
Therefore:

"

U convertedwanted™ \/(0'892 dB)2 X ((015 0B R |evel /0B RFlevel )2 + (O,ZdB RFlevel /IB REJevel )2 ) =0,480dB

Uncertainty of methodol ogy:

The standard uncertainty of the measurement methodol ogy (as theresult isthe average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [17] and is used in this example (m)(0).

Random uncertainty:

Random uncertainty 0,2 dB (c)(0).
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The combined standard uncertainty for co-channd rejection is:

— 2 2 2
Uc co-channd rejection = \/ U level difference + Ucconverted wanted” +Uj random + Ujmethodology

Ug co-channel rejection = V113 +0,480% +0,22 + 0,287 =1,28lB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,28 dB = +2,51 dB (see clause D.5.6.2).

4.1.3  Adjacent channel selectivity

4.1.3.1 Adjacent channel selectivity for analogue speech

The only difference between this test and the co-channel rgection test in clause 4.1.2.1 isthat the interfering signal
residesin the adjacent channel. All other factors are the same and, assuming the single side-band phase noise of the
interfering signal generator does not adversely effect adjacent channel performance the cal culation of measurement
uncertainty isthe same asfor clause 4.1.2.1.

4.1.3.2 Adjacent channel selectivity for bit streams

The only difference between this test and the co-channel rgection test in clause 4.1.2.2 isthat the interfering signal
residesin the adjacent channel. All other factors are the same, and assuming the single side-band phase noise of the
interfering signal generator does not adversely effect adjacent channel performance the cal culation of measurement
uncertainty isthe same asfor clause 4.1.2.2.

4.1.3.3 Adjacent channel selectivity for messages

The only difference between this test and the co-channel rgection test in clause 4.1.2.3 isthat the interfering signal
residesin the adjacent channel. All other factors are the same, and assuming the single side-band phase noise of the
interfering signal generator does not adversely effect adjacent channel performance the cal culation of measurement
uncertainty isthe same asfor clause 4.1.2.3.

4.1.4 Spurious response immunity

4141 Spurious response immunity measurements for analogue speech

A receiver under test is connected to two signal generators through a combining network (seefigure 7). A 6 dB
attenuator isinserted between generator A and the combiner to reduce out of band mismatch uncertainty. The audio
frequency output from the receiver is connected, suitably terminated to a SINAD meter through a psophometric filter.
Spurious response immunity is recorded (for a given SINAD reading) as the difference between the signal levels from
generator A and generator B, after correction for the attenuator.

Psophometric
weighting AF load or
network and < accoustic coupler
‘ ‘ SINAD meter
Signal 6 dB
generator A | 1< | att. ﬂ<—\ ‘
6 dB Receiver
| Resistive ﬁ‘( under
- combiner test
Signal \L | |
generator B >»<

Figure 7: Spurious response immunity measurement configuration for analogue speech
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41411 In band measurements

a) M easur ement uncertainty

Generator A level uncertainty (wanted signal) is+1 dB (d)(r):
1
Uj wanted signal = ﬁ =0,577dB
Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

Uj unwanted signal

6 dB attenuator uncertainty is 0,2 dB (c)(0).

Attenuator lossis 6dB (x 0,5 linear - required for mismatch cal culations).

Combiner nominal insertion lossis6 dB (required for mismatch cal culations).

Combiner tracking is+0,1 dB:

01
Uj combiner tracking = ﬁ =0,058dB

Mismatch uncertainty (in band)
- generator reflection coefficients (A and B) are 0,2 (d);
- combiner reflection coefficientsare 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;

- attenuator reflection coefficientsare 0,1 (d).

ETSI TR 100 028-2 V1.3.1 (2001-03)

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected

by the third port.

Mismatch between generator A and EUT:

_ 0,2x01%100
uj mismatch:generator A and att — T
_ 01x01x100
uj mismatch: att and combiner — T
_ 01x0,2x100
uj mismatch: combiner and EUT — T
_ 0,2x01x0,5% x100
U mismatch : generator A and combiner = ﬁ
_ 01x0,2x0,5% x100
U mismatch : att and EUT = \/E

0,2x0,2%0,5?x0,5% x 100

Uj mismatch: generator A and EUT = \/E

ETSI
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Uncertainty contribution due to the third combiner port:

0,2x0,2x0,5% x 0,52 x100
Uj mismatch : generator A and generator B = \/E %=0,177% (v)
01x0,2x 0,5 x100
Uj mismatch : attenuator and generator B = \/E %=0,354% (V)
0,2x0,2x0,5% x100
Uj mismatch : generator B and EUT = 2 %=0,707% (v)

Uncertainty due to the reflection coefficient at the third port:

_0,2x05%0,5%x100

Ujj mismatch: generator B = 05x \/E %=7,071% (v)

Total mismatch uncertainty from generator A to EUT:

14142 +0707% +1414 +03542 +03582 + 0177 +0177% + 03542 + 07072 + 70712
ucgenA toEUT — 115

=0,65dB

Mismatch between generator B and EUT:

0,2x0,1%100_,
U j mismatch: generator B and combiner = T %=1,414% (v)

01x0,2x100 , _
Ujj mismatch: combiner and EUT — T%—l‘ll‘l% V)

0,2x0,2x 0,52 x100
Ujj mismatch: generator Band EUT = 2 %=0,707% (v)

Uncertainty contribution due to the third combiner port:

0,2x0,1x 0,5% x100
U mismatch: generator B and attenuator — 2 %=0,354% (V)

0,2x01% 0,52 x100
Ujmismatch:EUT and att = 2 %=0,354% (V)

0,2x0,2x0,5%x 0,52 x100
U mismatch : generator B and generator A = 2 %=0177% (v)

0,2x0,2x0,5% x0,5% x100
Uj mismatch: EUT and generator A = 72 %=0177% (v)

Uncertainty due to the reflection coefficient at the third port:

01x0,5%0,5%x100
Ue gt = T 0 =3,536% (V
jmismatch : att 0,5xﬁ ( )

2
0,2x0,57%x0,5%x0,5%100
Uimi . == ! ! ! %=1,768% (v
j mismatch : generator A 05x > )

Total mismatch uncertainty from generator B to EUT:

14142 414142 + 07072 + 03542 + 03542 + 01772 + 01772 + 35362 +1,7682

u = =0.39dB
cgen BtoEUT 115
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The combined standard uncertainty for mismatch (in band) is:

_ 2 2
Ucmismatch = \/uc genAtoEUT FUcgenBto EUT

Uc mismatch = V 0,65% +0,39° =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level di fference ~ \/Uj wanted signal T Uj unwanted signal tUj atten” U j combiner tracking  tUc mismatch

Ue tovel difference = Y 05772 +05772 +0,2% + 0,058 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Ucwanted signal = \/Uj wanted signal T Uj attenuator T Uc gen Ato EUT

Uc wanted signal = \/0:5772 + 0,22 + 0,652 =0,892dB

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (see
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF leve;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF levd;
- standard deviation of 0,2 dB RF level/dB RF levd.
Therefore:

"

Uc converted wanted™ \/(0'892 dB)2 x ((015 dBRFieve /dBRFIevel )2 + (OIZdBRFIe\/d 1dBRF jeve )2) =0,480dB

SINAD uncertainty:
SINAD meter uncertainty is+1 dB (d)(r):

1
Uj SINAD meter = —— = 0,577dB

@

Deviation uncertainty (wanted signal) is +5,3 % (d)(r):

53
Uj deviation wanted signal — ﬁ =3,06%

Deviation uncertainty (unwanted signal) is £5,3 % (d)(r).
Deviation is assumed to be 3 kHz so deviation uncertainty in Hz = (5,3 %/100) x 3,0 kHz = £159 Hz.

The deviation uncertainty of the unwanted signal is converted to a SINAD uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F1. Dependency values found in table F.1 are:

- mean value of 0,05 % SINAD/Hz;
- standard deviation of 0,02 % SINAD/Hz.
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Therefore:

2
ui deviation converted to SINAD = \/[(:LQ;Z)J x ((0:05 %/ HZ)2 + (0'02 %/ HZ)Z) =4,94%

The combined standard uncertainty for the SINAD is:

2 2
UcSNAD = \/0,5772 +GT0§) J{_jlg;j =0,767dB

SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1[17]) and
table F.1. Dependency values found in table F.1 are;

- mean valueof 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- amean vdueof 0,7 dB RF level/dB SINAD;
- astandard deviation of 0,2 dB RF level/dB SINAD.
Therefore:

P A\

ucconvertedSlNAD:\/(Ov767dB)2 x ((0,7 dBrFi/pleve /0"35|NAD)2 +(0,2 dBRrrifpleve /dBSNAD)z) = 0558dB

Random uncer tainty:
Random uncertainty (valid for all measurements) 0,2 dB (m)(0).

The combined standard uncertainty for in-band spurious response immunity (analogue speech) is:

— 2 2 2 2
Uc spurious response immunity = \/Uc level difference * Ucconverted wanted * Uc converted SINAD ™+ Ujj random

Ugspurious responseimmunity = J1132 +0480% + 05582 + 022 = 136 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,36 dB = +2,67 dB (see clause D.5.6.2).

b) Spreadsheet implementation of measur ement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file " Spurious responsein band.xIs") and is
availablein tr_10002802v010301p0.zip.

41412 Out of band measurements
a) M easur ement uncertainty
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = ﬁ =0,577dB

Asgenerator B (unwanted signal) will go beyond 1 GHz, the level uncertainty is+1,5 dB (d)(r):

15
Uj unwanted signal = ﬁ =0,866dB
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6 dB attenuator uncertainty is 0,2 dB (m)(0).
Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).
Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch cal culations).

Combiner tracking is+0,6 dB:

0,6
Uj combiner tracking = ﬁ =0,346dB

In this exampl e (out-of-band) tracking uncertainty is much higher due to the fact that the two signals are at different
frequencies.
Mismatch uncertainty (in band)
- generator A reflection coefficient is 0,2 (d);
- generator B reflection coefficient is0,2 (d);
- combiner reflection coefficientsare 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;
- attenuator reflection coefficientsare 0,1 (d).
Mismatch uncertainty (out of band)
- generator A reflection coefficient is 0,35 (d);
- generator B reflection coefficient is 0,35 (d);
- combiner reflection coefficients are 0,2 (d);
- receiver under test reflection coefficient (table F.1) is0,8;
- attenuator reflection coefficientsare 0,2 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch between generator A and EUT:

02x01x100,, _
Uj mismatch: generator A andatt = ——F——%=1414%(v)
V2
01x01x100,, _
Uj mismatch: att and combiner = T%—OJOWVO (v)
01x0,2x100,, _
Uj mismatch: combiner and EUT = ——————%=1414%(v)
V2
0,2x01x0,5? x100
Uj mismatch : generator A and combiner = %=0,354% (v)
V2
01x0,2x0,5% x100
Uj mi : == %=0,354% (V)
jmismatch: att and EUT ﬁ
0,2x0,2x0,5% x 0,52 100
Uj mismatch: generator A and EUT = 2 %=0,177% (v)

ETSI



43 ETSI TR 100 028-2 V1.3.1 (2001-03)

Uncertainty contribution due to the third combiner port:

01x0,2x0,5% x100
Uj mismatch: attenuator and generator B = \/E %=0,354% (V)
0,2%0,2x 0,5 x100
Ujj mismatch : generator B and EUT = 2 %=0,707% (v)
2
_0,2x0,2x05°x05°x100, _ -
Uj mismatch : generator A and generator B = \/E %=0,177% (V)

Uncertainty due to the reflection coefficient at the third port:

0,2x0,5%0,5%x100
Ui mi . = %=7,071%(v
j mismatch: generator B 05x \/E ( )

Total mismatch uncertainty from generator A to EUT:

_ \/1,4142 +0,707% +1414° + 0354 + 03542 + 01772 + 0177% + 03542 +0,707% + 7,071
Uc genA toEUT — 115

=0,650B

Mismatch between generator B and EUT:

0,35x0,2x100
U j mismatch: generator B and combiner = T %=4,950% (v)

0,2x08x100,,
U j mismatch: combiner and EUT = T%—ll.314% v)

0,35% 0,8 0,52 x100
Ujj mismatch: generator Band EUT = 2 %=4,950% (v)

Uncertainty contribution due to the third combiner port:

0,35%0,2x 0,52 x100
U mismatch : generator B and attenuator — 2 %=1,237% (V)

0,8%0,2x 0,52 x100
Ujmismatch: EUT and att = 2 %=2,828% (V)

0,35x0,35x 0,52 x 0,52 x100
Uj mismatch : generator B and generator A — 2 %=0,541% (V)

0,8%0,35% 0,52 x 0,52 x 100
Ujmismatch:EUT and generator A = 2 %=1,237% (V)

Uncertainty due to the reflection coefficient at the third port:

0,2x0,5%0,5%x100
U = e ORI o0 =7 071% (v
j mismatch: att 0,5x FZ v)

- _ 0,35x0,5° x0,5% 0,5x100
jmismatch: generator A 05% \/5

%=3,094% (V)
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Total mismatch uncertainty from generator B to EUT:

_ 49502 +113142 + 49502 +1.2372 + 05412 + 28282 +12372 + 70712 + 30042

Uc gen B to EUT = 115 =137dB

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/ UcgenAtoEUT T UcgenBtoEUT

Ug mismatch = 0,652 +1,372 =1,516dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level di fference = \/uj wanted signal T Uj unwanted signal  tUj atten T Uj combiner tracking Uc mismatch

Ue levet difference = 05772 + 08662 +0,2% +0,3462 + 15162 =1,88dB

Total level uncertainty of wanted signal:

— 2 2 2
Ucwanted signal = \/ Uj wanted signal T Uj attenuator ~ + Ucmismatch: gen A to EUT

Uc wanted signal = \/0:5772 + 0,22 + 0,652 =0,892dB

The wanted level uncertainty is then converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF leve;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- amean vaueof 0,5dB RF level/dB RF levd;
- astandard deviation of 0,2 dB RF level /dB RF levd.
Therefore:

4

Uc converted wanted™ \/(0'892 dB)2 x ((015 UBRFieve /dBRFIevel )2 + (O,ZdB RFlevel /0BRF level )2) =0,480dB

SINAD uncertainty:
SINAD meter uncertainty is+1 dB (d):
Uj SINAD meter
Deviation uncertainty (wanted signal) is +5,3 % (r)(d):
53

Uj deviation wanted signal ~ ﬁ =3,06%

Deviation uncertainty (unwanted signa) is £5,3 % (r)(d).

Deviation isassumed to be 3 kHz so deviation uncertainty in Hz = (5,3 %/100) x 3,0 kHz = £159 Hz.
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The deviation uncertainty of the unwanted signal is converted to a SINAD uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are
- mean value of 0,05 % SINAD/Hz;
- standard deviation of 0,02 % SINAD/Hz.
Therefore:

2
uj deviation converted to INAD  ~ \/[(159;2)} x ((0:05 %/ HZ)Z + (0'02 %/ HZ)Z) =4,94%

The combined standard uncertainty for the SINAD is:

2 2
UcSINAD = \/0,5772 +G’T0§) J{_jlg;j =0,767dB

SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1[17]) and table
F.1. Dependency values found in table F.1 are;

- mean valueof 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,7 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level/dB SINAD.
Therefore:

P A\

ucconvertedSlNAD:\/ (0.767dB) x ((0,7 dBrri/p level / 0"35|NAD)2 +(0,2 dBrri/p level / dBSINAD)Z) = 0558 dB

Random uncertainty:
Random uncertainty (valid for all measurements) 0,2 dB (c)(0).

The combined standard uncertainty for out of band spurious response immunity (analogue speech) is:

— 2 2 2 2
ucspurious reponseimmunity — \/uc leveldifference T Ucconvertedwanted T Ucconverted SINAD +uj random

Uc spurious response immunity = \/1,882 +0,480% + 05582 +022 = 203 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 2,03 dB = +3,98 dB (see clause D.5.6.2).

NOTE: Theuncertainty could be further reduced by inserting a 6 dB attenuator between generator B and the
combiner.

b) Spreadsheet implementation of measur ement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file " Spurious response out of band.xIs")
and isavailable in tr_10002802v010301p0.zip.

4.1.4.2 Spurious response immunity measurements for bit stream

A receiver under test is connected to two signal generators through a combining network (see figure 8). A 6 dB
attenuator isinserted between generator A and the combiner to reduce out of band mismatch uncertainty. Signal
generator A isset to asuitablelevel at the nominal frequency of the receiver and modul ated by appropriate modulation.
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Signal generator B, also modulated by appropriate modulation, is adjusted until abit error ratio of 10 is obtained from
asample size of 2 500 bits. Spurious response immunity is recorded as the difference between the signal levels from
generator A and generator B after correction for the attenuator.

Bit stream Bit error
n —
generator measuring << Termination
test set A
Signal 6 dB
generator A >< att. >< ‘
[ 6 dB Receiver
resistive % under
‘ combiner test
Signal — | |
generator B T

Figure 8: Spurious response immunity measurement configuration for bit stream

4.14.2.1 In band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
U wanted signal = ﬁ =0,577dB

Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

U unwanted signal =0,577dB

1
3
6 dB attenuator uncertainty is 0,2 dB (c)(0).

Attenuator lossis 6 dB (x 0,5 linear - required for mismatch cal culations).
Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch calculations).
Combiner tracking is+0,1 dB:

01
U combiner tracking = ﬁ =0,058dB

Mismatch uncertainty (in band)
- generator reflection coefficients (A and B) are 0,2 (d);
- combiner reflection coefficientsare 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;
- attenuator reflection coefficientsare 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for abit stream (in-band) is calculated in the same way as for analogue speech (clause 4.1.4.1.1) where:

Total mismatch uncertainty from generator A to EUT:

V14147 + 0707 +1414° + 03547 + 0354 + 01777 +0177° + 0354 +0,707° + 707F _
Uc genA toEUT — 115 =065dB
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Total mismatch uncertainty from generator B to EUT:

~ \/1,4142 +1414% +0,707% + 03542 + 01772 +0354% + 01772 + 35362 +1,7682

Ucgen Bto EUT = 115 =0,39dB

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Ucmismatch = \/ucgenA toeUT LIcgenBtoEUT

Uc mismatch = 01652 + 0,392 =0,76 dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level di fference = \/uj wanted signal T Uj unwanted signal  tUj atten T Uj combiner tracking Uc mismatch

Uc level difference = \/05772 + 05772 + 0722 + 070582 + 07762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Ucwanted signal = \/uj wanted signal U attenuator T Uc gen Ato EUT

Uc wanted signal = \/0:5772 + 0,22 + 0,652 =0,892dB

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF leve;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- amean vaueof 0,5dB RF level/dB RF levd;
- astandard deviation of 0,2 dB RF level /dB RF levd.
Therefore:

4

Uc converted wanted™ \/(0'892 dB)2 x ((015 UBRFieve /dBRFIevel )2 + (O,ZdB RFlevel /0BRF level )2) =0,480dB

Random uncertainty:

Random uncertainty (valid for all measurements) 0,2 dB (m)(0).

BER uncertainty:

Case 1: Error associated with digital non-coher ent direct modulation

In this case the RF signal isdirectly modulated. It has been assumed that the SNR,; is proportional to the RF input level.
Oger Must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is calculated using formula 6.10 (clause 6.6 of TR 100 028-1 [17]):

001 x 099 3
UjBER = || ——" = 2 X 10
JBER 2500

The theoretical signal to noiseratio for aBER of 107 is calculated using formula 6.19:

SNR, = -2 x In (2 x 0,01) = 7,824.
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At aBER of 10 the slope of the BER function is0,5 x BER = 0,5 x 10 (formula 6.21).

Theresulting level uncertainty (formula 6.16) is.

2 x10°
05 x 102 x 7824

Uj converted BER = 100 % = 5,11 % (p)

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 2a: Error associated with digital non-coher ent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to SN ratiois still 1:1.

Case 2b: Error associated with digital non-coher ent sub-carrier modulation below the knee point

RF leve uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent ana ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (of
TR 100 028-1 [17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean valueof 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.
Therefore:

P \

Uj converted BER:\/(511 %) ((0'7 YorF ifp level | %sn\lAD)2 + (0:2 YorF ifp level | %S|NAD)2) =3.720% (p)

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is calculated using formula 6.10 (clause 6.6 of TR 100 028-1 [17]):

0,01x0,99 3
UjBER = |~ 2=2 x 10
JBER 2500

The theoretical signal to noiseratio for aBER of 10 isread from figure 8 where SNR,(0,01) = 2,7.

At this signal to noise ratio, the slope of the BER functionis= X . 27 912 (formula6.14).

2 x ,/nx 2,7

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

2 x10°3
Ui o = — —— 100 %=617%
jcoinverted BER 0012x27 =617 %(p)

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 4a: Error associated with digital coherent sub-carrier modulation oper ating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,7 % RF level/% SINAD;

- standard deviation of 0,2 % RF level/% SINAD.
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Therefore:

Uj converted BER = \/(617 %)? ((017 %orF ifplevel | %og1 NAD)2 + (012 %rF ifplevel | Yo9NAD )2):4:49 %(p)
ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty:

The combined standard uncertainty for spurious response immunity (for a bit sream) is:

— 2 2 2 2
l"cspuri 0US response immunity — \/uclevel difference T LIj convertedwanted T+ LIj random * LIj converted BER

Total uncertainty: Case 1 and case 2a

511
Uc spuriousresponsei mmunity = \/1,132 +0482+022 + ( T

2
] =1,26dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

Total uncertainty: Case2b

372
Uc spuriousresponseimmunity = \/1132 + 01482 + 0122 + [23 0

2
] =1,25dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,25 dB = +2,45 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

2
_ 2 2 2 (617 _
Uc spurious response immunity = \/ 113°+048°+0.2° + (230] =127dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,27 dB = +2,4 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

_ 2 2 2 (449
chpuriousr&sponseimmunity - \/113 +048°+02° + [ 230

2
] =126dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

41.4.2.2 Out of band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = —= =0,577dB

V3
Asgenerator B (unwanted signal) will go beyond 1 GHz, the level uncertainty is +1,5 dB (d)(r):

15
Uj unwanted signal = ﬁ =0,866dB

6 dB attenuator uncertainty is 0,2 dB (o)(m).
Attenuator lossis 6 dB (x 0,5 linear - required for mismatch cal culations).

Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch cal culations).
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Combiner tracking is+0,6 dB:

0,6
Uj combiner tracking = ﬁ =0,346dB

In this exampl e (out-of-band) tracking uncertainty is much higher due to the fact that the two signals are at different
frequencies.
Mismatch uncertainty (in band)
- generator A reflection coefficient is 0,2 (d);
- generator B reflection coefficient is 0,2 (d);
- combiner reflection coefficientsare 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;
- attenuator reflection coefficientsare 0,1 (d).
Mismatch uncertainty (out of band)
- generator A reflection coefficient is 0,35 (d);
- generator B reflection coefficient is 0,35 (d);
- combiner reflection coefficients are 0,2 (d);
- receiver under test reflection coefficient (table F.1) is0,8;
- attenuator reflection coefficientsare 0,2 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for abit stream (out-of-band) is cal culated in the same way as for ana ogue speech (clause 4.1.4.1.2) where:

Total mismatch uncertainty from generator A to EUT:

_ 14142 +0,7072 +1,414% +0,3542 + 03542 + 01772 + 01772 + 0,3542 + 0,7072 + 7,0712

u = = 0,650B
cgen AtoEUT 115
Total mismatch uncertainty from generator B to EUT:
_ J 4,950° +11,3142 + 49502 +1,237% +0,541% + 2,828% +1,237% + 7,0712 +3,004% _
chenBtoEUT - =1,37dB

115

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/Uc genAtoEUT +Ucgen Bto EUT

Ug mismatch = V0,652 +1372 =1,516dB

Total level difference uncertainty:

— 2 2 2 2
Uc level di fference ~ \/Uj wanted signal T Uj unwanted signal TUj atten +Uj combiner tracking TUc mismatch

Ue leve difference = /05772 +08662 +0,22 +0,3462 +15162 =1,880B
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Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal ~ \/uj wanted signal T Uj attenuator ~ +Uc gen Ato EUT

Uc wanted signal = \/0:5772 + 0,22 + 0,652 =0,892dB

The wanted level uncertainty is converted to an RF leved difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F1. Dependency values found in table F.1 are:

- mean valueof 0,5 % RF level/% RF levd;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentageto dBsusing table 1 in clause 5.2 TR 100 028-1 [17]. Sincelike
unitsareinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF levd;
- standard deviation of 0,2 dB RF level/dB RF levd.
Therefore:

4

Uc converted wanted™ \/(0892 dB)2 x ((015 dBRFieve /dBRFIevel )2 + (OIZdBRF level /UBRF evel )2) =0,480dB

Random uncertainty:

Random uncertainty (valid for all measurements) 0,2 dB (m)(0).

BER uncertainty:

Case 1: Error associated with digital non-coher ent direct modulation

In this casethe RF signal is directly modulated. It has been assumed that the SNR, is proportional to the RF input level.
Oger Must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is calculated using formula 6.10 (clause 6.6 of TR 100 028-1 [17]):

001 x 099 3
UjBER = oo = 2 X 10
JBER 2500

The theoretical signal to noiseratio for aBER of 10 is cal culated using formula 6.19:
SNR, = -2 xIn (2 x 0,01) = 7,824.
At aBER of 10 the slope of the BER function is0,5 x BER = 0,5 x 10 (formula 6.21).

Theresulting level uncertainty (formula 6.16) is.

2 x10°
05 x 102 x 7824

Uj coinverted BER = 100 % =5,11%(p)

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 2a: Error associated with digital non-coher ent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to SN ratiois still 1:1.
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Case 2b: Error associated with digital non-coher ent sub-carrier modulation below the knee point

RF leve uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent ana ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (of
TR 100 028-1 [17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean vaueis0,7 % RF level /% SINAD;
- standard deviation is0,2 % RF level/% SINAD.
Therefore:

Uj converted BER= \/(511 %) x ((0'7 %orF ifp level | Y051 NAD)2 + (012 %rF ifp level | YoaNAD )2):3:720 %(p)
ThisRF level uncertainty isthen combined with the rest of the part uncertainties to give thetotal RF level uncertainty.

Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is cal culated using formula 6.10:

0,01x0,99 3
UjBER = 1|~ 2=2 x 10
JBER 2500

The theoretical signal to noiseratio for aBER of 10 isread from figure 8 where SNR,(0,01) = 2,7.

1

2 x o x 27

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

At this signal to noise ratio, the slope of the BER function is= x €2 = 0012.

2 x10°3
Ui = ————— 100 %=617%
j converted BER 0012x2.7 =617 %(p)

ThisRF level uncertainty isthen combined with the rest of the part uncertainties to give thetotal RF level uncertainty.
Case 4a: Error associated with digital coherent sub-carrier modulation oper ating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent ana ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [17]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean valueis0,7 % RF level /% SINAD;
- standard deviation is 0,2 % RF level/% SINAD.
Therefore:

" \

Uj converted BER = \/(617 %)? ((0:7 YoRFilpleve %SNAD)2 + (0:2 %rripleve | YognAD )2) = 4,49%(p)

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty:

The combined standard uncertainty for spurious response immunity (for a bit sream) is:

— 2 2 2 2
Uc spurious response immunity = \/ Uc leve difference t Uj converted wanted + Uj random + Y| converted BER
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Total uncertainty: Case 1 and case 2a

_ 2 2 2 511
Uc spuriousresponseimmunity — \/1188 +0480° +0,2° + (230

2
] =1,96dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,96 dB = +3,84 dB (see clause D.5.6.2).

Total uncertainty: Case2b

_ 2 2 2, (372
ucspuriousremonseimmnity _\/188 +0480°+0.2 +(230

2
) =1,96dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 1,96 dB = +3,84 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

_ 2 2 2 (617
ucspurious response immunity _\/1'88 +0480° +0,2 +(230

2
) =197 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 1,97 dB = +3,86 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

4,49
chpuriousr&q:)onseimmunity = \/1»882 + 0:4802 + 0:22 + [ 230

2
j =196dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,96 dB = +3,84 dB (see clause D.5.6.2).

NOTE: The uncertainty could be further reduced by inserting a 6 dB attenuator between generator B and the
combiner.

41.4.3 Spurious response immunity measurements for messages

A receiver under test is connected to two signal generators through a combining network (seefigure 9). A 6 dB
attenuator is inserted between generator A and the combiner to reduce out of band mismatch uncertainty. Signal
generator A isset to a suitable leve at the nominal frequency of the receiver and modulated by appropriate modulation.
The signal from generator B, also modulated by appropriate modulation, isthen varied in level until the specified
success calling rate is achieved. Co-channd rejection is recorded as the difference between the average level of
generator A (from 10 samples) and generator B, after correction for the 6 dB attenuator.

Response
Message ; "
measuring < Termination
generator tostset | A
Signal >< | 6dB
generator A ﬂ att. ‘
| 6 dB Receiver
resistive ﬁ< under
combiner test
Signal S \
generator B 0

Figure 9: Spurious response immunity measurement configuration for messages
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41431 In band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = E =0,577dB

Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

Uj unwanted signal =0,577dB

1
NG
6 dB attenuator uncertainty is 0,2 dB (m)(0).

Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).
Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch calculations).
Combiner tracking is+0,1 dB:

01
U combiner tracking = ﬁ =0,058dB

Mismatch uncertainty (in band)
- generator reflection coefficients (A and B) are 0,2 (d);
- combiner reflection coefficientsare 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;
- attenuator reflection coefficientsare 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for messages (in-band) is cal culated in the same way as for ana ogue speech (clause 4.1.4.1.1) where:

Total mismatch uncertainty from generator A to EUT:

1,4142 +0,707% +1,414% +0,3542 + 0,354% + 0,177% + 01772 + 0,3542 + 0,7072 + 7,0712

u = =0,65dB
cgen AtoEUT 115
Total mismatch uncertainty from generator B to EUT:
14142 +1,4142 +0,7072 +0,3542 + 01772 +0,354% + 01772 + 35362 +1768% _ 0.390B

u =
cgenBtoEUT 115

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Ucmismatch = \/ucgenA toEUT T ucgenBtoEUT

Ug mismatch = 10,65 +0,39% =0,76dB

Total level difference uncertainty:

2 2 2 2
Ucleve difference = \/Uj wanted sgnal T Uj unwanted signal T Yjatten + Uj combiner tracking + Uc mismatch

Ue level difference = | 05772 + 05772 + 0,22 +0,058% + 0762 =1,13dB
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Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal ~ \/uj wanted signal T Uj attenuator ~ +Uc gen Ato EUT

Uc wanted signal = \/0:5772 + 0,22 + 0,652 =0,892dB

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean valueof 0,5 % RF level/% RF levd;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF levd;
- standard deviation of 0,2 dB RF level/dB RF levd.
Therefore:

4

Ug converted wanted™ \/(0'892 dB)2 x ((015 dBRFievel/IBRFlevel )2 + (OIZdBRF level/IBRF level )2) =0,480dB

Uncertainty of methodol ogy:

The standard uncertainty of the measurement methodology (as theresult is the average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [17] and is used in this example (m)(0).

Random uncertainty:
Random uncertainty (valid for all measurements) is 0,2 dB (m)(o).

The combined standard uncertainty for in-band spurious response immunity (messages) is:

— 2 2 2 2
Uc spurious response immunity = \/uc level difference” + Ucconverted wanted T Ucrandom  + Uj methodology

Ue spurious responseimmunity = JL132 +0,480% +0,22 +0,28% =1,28dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,28 dB = +2,5 dB (see clause D.5.6.2).

4.1.4.3.2 Out of band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
U wanted signal = ﬁ =0,577dB

Asgenerator B (unwanted signal) will go beyond 1 GHz, the level uncertainty is +1,5 dB (d)(r):

15
Uj unwanted signal = Nl =0,866dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).
Attenuator lossis 6 dB (x 0,5 linear - required for mismatch cal culations).

Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch cal culations).
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Combiner tracking is+0,6 dB:

0,6
Uj combiner tracking = ﬁ =0,346dB

In this exampl e (out-of-band) tracking uncertainty is much higher due to the fact that the two signals are at different
frequencies.
Mismatch uncertainty (in band)
- generator A reflection coefficient is 0,2 (d);
- generator B reflection coefficient is 0,2 (d);
- combiner reflection coefficientsare 0,1 (d);
- receiver under test reflection coefficient (table F.1) is0,2;
- attenuator reflection coefficientsare 0,1 (d).
Mismatch uncertainty (out of band)
- generator A reflection coefficient is 0,35 (d);
- generator B reflection coefficient is 0,35 (d);
- combiner reflection coefficients are 0,2 (d);
- receiver under test reflection coefficient (table F.1) is0,8;
- attenuator reflection coefficientsare 0,2 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for abit stream (out-of-band) is cal culated in the same way as for ana ogue speech (clause 4.1.4.1.2) where:

Total mismatch uncertainty from generator A to EUT:

_ 14142 + 0,707 +1,4142 + 0,3542 + 0,3542 + 01772 + 01772 + 0,3542 + 0,707 + 7,0712

u = = 0,650B
cgenAtoEUT 115
Total mismatch uncertainty from generator B to EUT:
_ J 4,950° +11,3142 + 49502 +1,237% + 0,5412 + 2,828% +1,237% + 7,0712 +3,004% _
UcgenBtoEUT = =1,37dB

115

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/Uc genAtoEUT +Ucgen Bto EUT

Ug mismatch = 10,652 +1,37% =1,516dB

Total level difference uncertainty:

— 2 2 2 2
Uc level di fference = \/Uj wanted signal T Uj unwanted signal TUj atten U j combiner tracking TUc mismatch

Ue levet difference = 05772 +08662 + 0,22 +0,3462 + 15162 =1,880B
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Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal ~ \/uj wanted signal T Uj attenuator ~ +Uc gen Ato EUT

Uc wanted signal = \/0:5772 + 0,22 + 0,652 =0,892dB

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean valueof 0,5 % RF level/% RF levd;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,5 dB RF level/dB RF levd;
- standard deviation of 0,2 dB RF level/dB RF levd.
Therefore:

4

Ug converted wanted™ \/(0'892 dB)2 x ((015 dBRFievel/IBRFlevel )2 + (OIZdBRF level/IBRF level )2) =0,480dB

Uncertainty of methodol ogy:

The standard uncertainty of the measurement methodol ogy (as theresult is the average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [17] and is used in this example (m)(0).

Random uncertainty:
Random uncertainty (valid for all measurements) 0,2 dB (m)(0).

The combined standard uncertainty for out of band measurementsis:

— 2 2 2 2
Uc spurious response immunity = \/uc level difference” + Ucconverted wanted T Ucrandom  + Uj methodology

Ue spurious responseimmunity = \/1,882 +0,480% +0,22 +0,28° =1,97dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,97 dB = +3,86 dB (see clause D.5.6.2).

NOTE: The uncertainty could be further reduced by inserting a 6 dB attenuator between generator B and the
combiner.

4.1.5 Intermodulation immunity

4,151 Intermodulation immunity (analogue speech)
a) M ethodology

Three signal generators are connected via three cables to a combining network, in this case ahybrid coupler, whose
output is connected directly to a 10 dB attenuator (with alow VSWR) in order to have a good isolation between the
three generators. The output of the attenuator is connected to the antenna connection of the receiver under test through a
cable, asillustrated in figure 10.
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Unwanted signal ‘ ‘

generator A 9‘%«
fo+d

Unwanted signal ‘ ‘

generator B 9‘%«
f, + 2+

Wanted signal ‘ ‘

I
generator C 9‘%« AF load or
fo acoustic coupler

Psophometric
weighting
network and
SINAD meter

Combiner

RS e S S
\ \

Figure 10: Intermodulation immunity measurement configuration (analogue speech)

Generator A (fp £ d) and generator B (fp £ 2 % d) are used to produce two unwanted signa s with sufficient level to cause
3 order intermodulation in the wanted channel of the receiver due to non linearities. Generator C is used to produce a
wanted signal fo.

NOTE 1: fyisthereceive channe frequency and d isa selected frequency (normally 2 or 4 channd separations)
from f,.

The audio frequency output from the receiver is connected to a suitable termination and a SINAD meter viaa
psophometric filter. The unwanted signals are adjusted in level (equally) until agiven reduction in SINAD reading is
achieved. Intermodulation immunity is recorded astheratio of the signal level from the wanted signal generator to the
(equal) signal levels of the unwanted signa generators.

b) Measurement uncertainty:

Generator level uncertainty is+1 dB (d)(r):

Ujgen A/B/C = L - os7dB (applicable to al generators)

V3

In this example calculation, insertion loss for the cables, coupler and attenuator have been individually measured and
the standard uncertainty calculated from the various components of uncertainty attributed during their measurement.

Cable attenuation (for each cable) is 0,1 dB and uncertainty:
Uj cableloss = £0,1 dB (m)(0)
Coupler attenuation is 3,0 dB and uncertainty:
Uj coupler att = 20,15 dB (m)(0)
Attenuator attenuation is 10 dB (x 0,316 linear - required for mismatch cal culations) and uncertainty:
Ut = 0,1 dB (m)(0)

NOTE 2: In this example case, the three signal generators areidentical and are connected to the receiver under test
in an identical way. As a consequence, the RF level uncertainties at the input of the receiver under test
from each generator are assumed to be the samei.e. Ucggnai A = Ucsgnal B = Ucsigna ¢ Therefore, only the
level of the signa from generator A will be calculated in detail.
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¢) Mismatch uncertainty contributions
- signal generator reflection coefficients are 0,20 (d);
- coupler reflection coefficients are 0,07 (d);
- cablereflection coefficients are 0,10 (d);
- attenuator reflection coefficients are 0,07 (d);
- receiver under test reflection coefficients are 0,20 (d).

Mismatch uncertainty generator A to the EUT.

NOTE 3: Thehybrid coupler provides isolation between the generators of greater than 30 dB (d) making any
interaction negligible and associated mismatch cal culations unnecessary. Cable insertion loss has been
assumed to be 0 dB (multiplication by 1 in linear terms) in the following cal culations. Coupler l0ss of
3 dB (multiplication by 0,708 in linear terms) is taken into consideration in the following cal culations.
The cable connecting generator A to the coupler isreferred to as theinput cable, and the cable connecting

the coupler to thereceiver under test isreferred to asthe output cable.

Mismatch uncertainty between signal generator A and thereceiver under test is calculated from the following:

0,2x01x100 , _
uj mismatch:generator and input cable =—F%=1414% (V)
J2
01x0,07x100 ,, _
uj mismatch: input cable and coupler = T% =0,495% (V)
0,07x0,07x100 _, _
Uj mismatch: couplerand att = T% = 0,346% (v)
0,07x01x100,, _
uj mismatch: att and output cable = T% =0,495% (V)
01x0,2x100 , _
Ujj mismatch:output cableand EUT = T% =1,414%(v)
0,2x0,07x1% x100
Uj mismatch : generator A and coupler = % =0,99% (v)
J2
0,1x 0,07 0,708% x100
Uj mismatch:input cableand att = 2 % = 0,248% (V)
0,07x0,1x0,3162 x100
Ujj mismatch :coupler and output cable = \f % =0,049% (V)
2
0,07x0,2x12 x100
Uj mismatch :att and EUT = 2 % =0,99% (v)
0,2x 0,07 %1 x 0,708% x 100
Uj mismatch: generator A andatt = 2 % = 0,496% (v)

_ 01x0,1x0,708% x 0,3162 x100

Ujj mismatch: input cable and output cable ~ \/E % = 0,035% (V)

0,07x0,2x 0,3162 x1,0% x100
Uj mismatch : coupler and EUT = 2 % = 0,099% (V)

ETSI



60 ETSI TR 100 028-2 V1.3.1 (2001-03)

0,2x0,1x1,0? x0,708% x 0,316> x100
Ujj mismatch: generator A and output cable ~ ﬁ % =0,071% (v)

0,1x 0,2 0,708° x 0,316 x 1,02 x100

Uj mismatch :input cable and EUT = 2 % = 0,071%(v)
_0,2x0,2x1,0%x0,708% x0,316° x1°x100,,, _ . .
Uj mismatch : generator A and EUT = \E % = 0,142%(v)

Astheisolation between input portsis> 30 dB any mismatch uncertainty components from the other input ports are
negligible. The RSS of all the mismatch uncertainty components detailed above = 2,63 %.

Thetotal mismatch uncertainty from any generator to the receiver under test = 2,63/11,5= 0,23 dB.

Thetotal level uncertainty of the signal from generator A at thereceiver input is:

— 2 2 2 2 2 2
Ucsgna A = \/uj GenA~ T Uj caleloss(input)  + Uj cableloss(output) T UYicoupler + Uj mismatch + Ujattenuator

Ucsgna A =1/05772+010%+010%+015%+0.23 + 012 = 0,660B

As previ ously stated u; signal A= Ucsignal B = Ucsignal C therefore: u. signal.B = 0,66 dB and Ucsignal c = 0,66 dB.
Intermodulation product level uncertainties:
Uncertainty due to unwanted signal level (Generator A):

In clause 6.5.5.2.1 it is shown that the dependency function for the unwanted signa (from signal generator A) at
frequency fo + d is2/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal
A (Ujievel dueto A) 1S therefore 0,66 x 2/3 = 0,44 dB.

Uncertainty due to unwanted signal level (Generator B):

In clause 6.5.5.2.1 it isal so shown that the dependency function for the unwanted signal (from signal generator B) at
frequency fo + 2 x dis 1/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of
signal B (Uj e queto8) iStherefore 0,66 x 1/3 = 0,22 dB.

Uncertainty due to wanted sgnal level (Generator C):

In clause 6.5.5.2.2 it is shown that the dependency function of the wanted signal (from signal generator C) is 1/3 (see
clauses D.3.4.5.2 and D.5). The uncertainty of the measured result dueto thelevel of signal C istherefore: 0,66 x 1/3
dB = 0,22 dB.

Random uncer tainty:
The standard deviation of random uncertainty is taken as 0,2 dB (m)(o).
SINAD measur ement uncer tainty:

SINAD meter uncertainty is+1 dB (d)(r):

1
uj =—=0,577dB
j SINAD meter \/5
Deviation uncertainty (wanted signal) is +5 % (d)(r):
5 o
Uj Deviationwanted signal = ﬁ =2,89%
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The combined standard uncertainty for SINAD is

289)°

u o= 105777 +| 2= | =0,63dB
'c SINAD and deviation [llSJ

Two cases will now be considered for thisexample, above and below the knee point.
For the case above the knee point:

SINAD uncertainty is converted to asignal to noiseratio uncertainty at the receiver input by means of formula 5.2 (see
TR 100 028-1 [17]). Dependency values found in table F.1 are:

- mean value of 1,0 % RF leve/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 1,0 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level /dB SINAD.
Therefore:

Uc sNR = \/(0763 dB)* ((10 dBRF i/p level /0By NAD)2 + (0,2 dBrr i/p level /dBginAD )2) =0,64dB

Changesin the signal to noiseratio uncertainty at thereceiver input must now be related to changesin the equal level of
the unwanted sgnals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noiseratio uncertainty is
1/3 (achangein sgna to noise ratio will result in 1/3 as much of a changein thelevel of the two equal unwanted
signals). The uncertainty of the measured result dueto the SINAD uncertainty is therefore:

Uj level dueto sinap = 0,64 x 1/3dB = 0,21 dB
For the case below the knee point:

SINAD uncertainty is converted to asignal to noiseratio uncertainty at the receiver input by means of formula 5.2 (see
TR 100 028-1[17]). Dependency values are found in table F.1 are;

- mean value of 0,375 % RF level/% SINAD;
- standard deviation of 0,075 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like units areinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,375 dB RF level/dB SINAD;
- standard deviation of 0,075 dB RF leved /dB SINAD.
Therefore:

P A\

o s = /(063 dB)? x (0.375 dBr v /0B ap F + (0075 0B i evet [dByap ) = 0.24 0B

Changesin the signal to noiseratio uncertainty at thereceiver input must now be related to changesin the equal level of
the unwanted sgnals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a changein the level of the two equal unwanted
signals). The uncertainty of the measured result due to the SINAD uncertainty is therefore:

U level dueto SNAD = 0:24 X 1/3dB = 0,08 dB
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Combined standar d uncertainty:

The combined standard uncertainty for intermodul ation immunity is:

— 2 2 2 2 2
ucintermodulationimmunity - \/uclevel duetoA” T UclevelduetoB™ * Uc leveldueto €+ Yirandom + l"j level duetoSINAD

Combined uncertainty above the knee point:

Ucintermodul ation immunity = \/0:442 + 0:222 + 0,222 + 0,22 + 0,212 =061dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,61 dB = +1,20 dB (see clause D.5.6.2).

Combined uncertainty below the knee point:

Ucintermodul ation immunityy = \/0:442 +0:222 +0,222 +0,22 +0,082 = 058dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

The "above the knee' cal culation has been implemented in a corresponding spreadsheet (see file "Intermodul ation
immunity.xIs") and is availablein tr_10002802v010301p0.zip.

4.1.5.2 Intermodulation immunity (bit stream)

a) Methodology

Three signal generators are connected via three cables to a combining network, in this case ahybrid coupler, whose
output is connected directly to a 10 dB attenuator (with alow VSWR) in order to have a good isolation between the
three generators. The output of the attenuator is connected to the antenna connection of the receiver under test through a
cable, asillustrated in figure 11.

Unwanted signal ‘ ‘

generator A ﬂ%&
foxd

Unwanted signal ‘ bl ‘ o ‘
generator B %« < 1(2“? B ﬂ&‘ -
fo = 2*d z . <
| | |

Wanted signal ‘ cable ‘ Termination
generator C He
fo

A | | \7

Caombiner

Bit stream > mBéggﬂ:?nr
generator 9
test set

Figure 11: Intermodulation response measurement configuration (bit stream)

Generator A (fp £ d) and generator B (fp £ 2 % d) are used to produce two unwanted signa s with sufficient level to cause
3 order intermodulation in the wanted channel of the receiver due to non linearities. Generator C is used to produce a
wanted signal fo.
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NOTE 1: fyisthereceive channe frequency and d isa selected frequency (normally 2 or 4 channd separations)
from f,.

The data output from the receiver is connected to a bit error tester. The unwanted signals are adjusted in level (equally)
until a BER of 102 is achieved from a sample size of 10 000 bits. Intermodulation immunity is recorded as the ratio of
the signal level of the wanted signal generator to the (equal) signal levels of the unwanted signal generators.

b) Measurement uncertainty

Generator level uncertainty is+1 dB (d)(r):

Ujgen A/BIC = L o577 (applicable to al generators)

NE

In this example calculation, insertion loss for the cables, coupler and attenuator have been individually measured and
the standard uncertainty calculated from the various components of uncertainty attributed during their measurement.

Cableloss (for each cable) is 0,1 dB and uncertainty:
Uj cavleloss = £0,1 dB (m)(0)
Coupler attenuation is 3,0 dB and uncertainty:
Ui coupler at = 0,15 dB (m)(o)
Attenuator attenuation is 10 dB (x 0,316 linear - required for mismatch cal culations) and uncertainty:
Ui = 0,1 dB (m)(0)

NOTE 2: In this example case, the three signal generators areidentical and are connected to the receiver under test
in an identical way. As a consequence, the RF level uncertainties at theinput of the receiver under test
from each generator are assumed to be the samei.e. Ucggna A = Ucsgnal B = Ucsigna ¢ Therefore, only the
level uncertainty of signal generator A will be calculated in detail.

Mismatch contributions:

- signal generator reflection coefficients are 0,20 (d);

- coupler reflection coefficients are 0,07 (d);

- cablereflection coefficients are 0,10 (d);

- attenuator reflection coefficients are 0,07 (d);

- receiver under test reflection coefficients are 0,20 (d).
Mismatch uncertainty generator A to the EUT.

NOTE 3: Thehybrid coupler providesisolation between the generators of greater than 30 dB making any
interaction negligible and associated mismatch cal culations unnecessary. Cable insertion loss has been
assumed to be 0 dB (multiplication by 1 in linear terms) in the following cal culations. Coupler loss of
3 dB (multiplication by 0,708 in linear terms) is however taken into consideration in the following
calculations. The cable connecting generator A to the coupler isreferred to as the input cable, and the
cable connecting the coupler to thereceiver under test isreferred to as the output cable.

Mismatch uncertainty between signal generator A and the receiver under test is cal culated from the following:

0,2x01x100 , _
Ujj mismatch: generator and input cable ~ T% =1414% (v)

01x0,07x100 , _
uj mismatch: input cableand coupler = T% =0,495% (V)

0,07x0,07x100,, _
Uj mismatch: couplerand att = T% =0,346% (v)
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0,07x01x100,, _
Uj mismatch: att and output cable = ————%=0,495%(v)
V2
01x0,2x100,, _
Ujj mismatch: output cableand EUT — ——————% =1,414%(v)
V2
0,2x0,07 12 x100
Uj mismatch : generator and coupler = ————— = %0 = 0,99% (V)
NA
0,1x 0,07 x 0,708% x100
U mismatch:input cableand att = % = 0,248% (v)
NA
0,07x 010,316 x100
Ujj mismatch : coupler and output cable = % = 0,049% (V)
V2
0,07x0,2x12 x100
Uj mismatch :att and EUT = g % =0,99% (v)
0,2x0,07x12 x0,708% x 100
Uj mismatch : generator and att ~ % = 0,496% (v)
V2
0,1x01x0,708% x 0,316 x100
Uj mismatch :input cable and output cable = \f % = 0,035% (v)
2
0,07x0,2x 0,316 x1,0° x100

Uj mismatch : coupler and EUT = 2 % = 0,099% (v)

0,2x0,1x 1,07 x 0,708° x 0,316% x 100
Ujj mismatch :generator and output cable = \/5 % =0,071%(v)

0,1x 0,2 0,708° x 0,316 x 1,0% x 100
Uj mismatch input cableand EUT = 2 % = 0,071% (v)

0,2x0,2x1,0% x 0,7082 x 0,3162 x12 x 100
Uj mismatch : generator and EUT = \/E % =0,142% (v)

Astheisolation between input portsis> 30 dB any mismatch uncertainty components from the other input ports are
negligible. The RSS of all the mismatch uncertainty components detailed above = 2,63 %.

The total mismatch uncertainty from any generator to the receiver under test Uy migmacn = 2,63/11,5 = 0,23 dB.

Thetotd level uncertainty of signa generator A at thereceiver input is:

_ 2 2 2 2 2 2
chignaIA—\/uj GenA T Uj cableloss(input) T Uj cableloss(output) t Yicoupler T Uj mismatch + Ujattenuator

Ucsgnal A = J05772+0102+010%+015%+0,23 +012 = 06608

As prew ously stated Uc signal A= Ucsignal B = Ucsignal C therefore: Ucsignal.B = 0,66 dB and Ucsignal c = 0,66 dB.
Intermodulation product level uncertainties:.
Uncertainty due to unwanted signal level (Generator A):

In clause 6.5.5.2.1 it is shown that the dependency function for the unwanted signa (from signal generator A) at
frequency fo + d is2/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal
A (Ujievel dueto A) 1S therefore 0,66 x 2/3 = 0,44 dB.
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Uncertainty due to unwanted signal level (Generator B):

In clause 6.5.5.2.1 it isal so shown that the dependency function for the unwanted signal (from signal generator B) at
frequency fo + 2 x dis 1/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of
signal B (Uj e queto ) iStherefore 0,66 x 1/3 = 0,22 dB.

Uncertainty due to wanted sgnal level (Generator C):

In clause 6.5.5.2.2 it is shown that the dependency function of the wanted signal (from signal generator C) is 1/3 (see
clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal C (U;ieve dueto ¢) IS therefore:
0,66 x 1/3 dB = 0,22 dB.

Random uncer tainty:

The standard deviation of the random uncertainty is taken as 0,2 dB (m)(0).
BER uncertainty:

Case 1: Uncertainty associated with digital non-coher ent dir ect modulation

BER uncertainty is calculated using formula 6.10:

0,01x (1-0,01) 3
Uiper = ‘/— =0,995x10
JBER 10000

The theoretical signal to noiseratio per bit for aBER of 107 is cal culated using formula 6.19:
SNR, =-2xIn (2 x 0,01) = 7,824.
At aBER of 10, the slope of the BER function is 0,5 x BER = 0,005 (formula 6.21).

BER uncertainty is then converted to signal-to-noise ratio uncertainty using formula 6.16:

UjBer  _ 0,995x1073

= x100% = 2,54% (p)
dopexNR, 0,005% 7,824

UjsnrR =

Thisis converted to dB:
2,54
u; = ——_=0,11dB
JSNR 23

Changesin the signal to noiseratio uncertainty at thereceiver input must now be related to changesin the equal level of
the unwanted sgnals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noiseratio uncertainty is
1/3 (achangein sgna to noise ratio will result in 1/3 as much of a changein thelevel of the two equal unwanted
signals). The uncertainty of the unwanted signals due to the BER uncertainty is therefore:

Ui v dueto Ber = 011 X 1/3 dB = 0,04 dB

ThisRF level uncertainty isthen combined with therest of the part uncertainties to give thetotal RF level uncertainty.
Case 2a: Uncertainty associated with digital non-coherent sub-carrier modulation above the knee point

In this case the calculations in case 1 apply and relate to the sgnal-to-noise ratio of the sub carrier. However asthe
signal-to-noise ratio dependency function is 1 dB/dB above the knee point, the cal culations and the result from case 1
apply directly (0,04 dB). This RF level uncertainty isthen combined with therest of the part uncertainties to give the
total RF level uncertainty.
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Case 2b: Uncertainty associated with digital non-coher ent sub-carrier modulation below the knee point
(clause 6.6.4.6)

Asin the previous case, the calculations in case 1 apply and relate to the signal-to-noiseratio of the sub carrier.
However for measurements below the knee point, a dependency function must be applied to convert the sub-carrier
signal-to-noise ratio uncertainty (2,54 % determined in case 1) to signal-to-noiseratio in the receiving channel. The
conversion is performed by means of formula 5.2 (of TR 100 028-1 [17]). Dependency values (noise gradient) found in
tableF.1 arel

- mean value of 0,375 %/% SINAD;
- standard deviation of 0,075 %/% SINAD.
Therefore:

P A\

Ujj converted SNR:\/ (2,54 %) ((0375 %/ %gnap ) +(0.2 %/ Yoginap ) ) =1,08%(p)

1,08
u; = —=0,05dB
JBER = o

Changesin the signal to noiseratio uncertainty at thereceiver input must now be related to changesin the equal level of
the unwanted sgnals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noiseratio uncertainty is
1/3 (achangein sgna to noise ratio will result in 1/3 as much of a changein thelevel of the two equal unwanted
signals). The uncertainty of the two unwanted signals due to the BER uncertainty is therefore:

Ui level dueto Ber = 0,05 x 1/3dB = 0,02 dB
ThisRF level uncertainty isthen combined with the rest of the part uncertainties to give thetotal RF level uncertainty.
Case 3: Uncertainty associated with digital coherent direct modulation (clause 6.6.4.2)

BER uncertainty is calculated using formula 6.10:

0,01x (1-0,01) 3
UigER =+ =0,995%10
JBER 10000

The theoretical signal to noiseratio per it for aBER of 107 is found from figure 8 and is 2,7.

o 1 _ 1 -
Thedopeof theBER functionis — = _xg™NR=-____—  xg27=0012 (formula6.14).
2% 7Tx INR 2x %27

BER uncertainty is then converted to signal-to-noise ratio uncertainty using formula 6.16:

Ujger _ 0,995x107°

x100% = 3,07%(p)
sopex NR,  0,012x2,7

UinR =

Thisis converted to dB:

3,07
u; = —~— =0]13dB
JSNR T g 1

Changesin the signal to noiseratio uncertainty at thereceiver input must now be related to changesin the equal level of
the unwanted sgnals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein sgna to noise ratio will result in 1/3 as much of a changein thelevel of the two equal unwanted
signals). The uncertainty of the unwanted signals due to the BER uncertainty is therefore:

Ui level dueto BER = 0,13x1/3dB =0,04dB

This RF level uncertainty is then combined with the rest of the part uncertainties to give thetotal RF level uncertainty.
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Case 4a: Uncertainty associated with digital coherent sub-carrier modulation above the knee point

In this case the calculations in case 3 apply and relate to the Sgnal-to-noise ratio of the sub carrier. However asthe
signal-to-noise ratio dependency function is 1 dB/dB above the knee point, the ca cul ations and the result from case 3
apply directly (0,04 dB). This RF level uncertainty isthen combined with therest of the part uncertainties to give the
total RF level uncertainty.

Case 4b: Uncertainty associated with digital coherent sub-carrier modulation below the knee point

Asin the previous case, the calculations in case 3 apply and relate to the signal-to-noise ratio of the sub-carrier.
However for measurements below the knee point, a dependency function must be applied to convert the sub-carrier
signal-to-noise ratio uncertainty (3,44 % determined in case 3) to signal-to-noiseratio in the receiving channel. The
conversion is performed by means of formula 5.2 (of TR 100 028-1 [17]). Dependency values (noise gradient) found in
tableF.1 arel

- mean value of 0,375 %/% SINAD;
- standard deviation is 0,075 %/% SINAD.
Therefore:

Uj converted SNR™ \/ (307 %)* ((0375 %%gnap) + (02 %/ Yognap )2)=1130 %(p)

130
u; =~ _ = 0,06dB
JBER = >z

Changesin the signal to noiseratio uncertainty at thereceiver input must now be related to changesin the equal level of
the unwanted sgnals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noiseratio uncertainty is
1/3 (achangein sgna to noise ratio will result in 1/3 as much of a changein thelevel of the two equal unwanted
signals). The uncertainty of the two unwanted signals due to the BER uncertainty is therefore:

Ui level dueto Ber = 0,06 x 1/3dB = 0,02 dB
ThisRF level uncertainty isthen combined with the rest of the part uncertainties to give thetotal RF level uncertainty.

The combined standard uncertainty for intermodulation response rejection (for a bit stream) is:

— 2 2 2 2 2
ucintermodulationimmunity - \/uclevel duetoA” T UclevelduetoB  + UclevelduetoC™ ¥ Ujrandom + uj levelduetoBER

Total uncertainty: Case 1 and case 2a

Ucintamoct aion immurity = V0447 +0.222 +022% +022 +004% = 058 B

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

Total uncertainty: Case2b

Ugintermodul ation immunity = \/ 0442 +0222 +0222 +022 +002%2 = 058 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

Ugintermodul ation immunity = \/ 0442 +0222 +0222 +022 +0042 = 058 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).
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Total uncertainty: Case 4b

Ucirtemmodulton immniy = V0447 +0222 +0222 +022 +002% = 058 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

4.1.5.3 Intermodulation immunity (messages)

a) Methodology

Three signal generators are connected via three cables to a combining network, in this case ahybrid coupler, whose
output is connected directly to a 10 dB attenuator (with alow VSWR) in order to have a good isolation between the
three generators. The output of the attenuator is connected to the antenna connection of the receiver under test through a
cable, asillustrated in figure 12.

Unwanted signal ‘ ‘

generator A ﬂ%«
f, % d

Unwanted signal ‘ bl ‘ " ‘
generator B ﬂ%« < | 10dB ﬂ%‘ -
fox 2*d > att. <
| | |

wemedsgnal | |
generator C H&
fo

A \ \

Caombiner

Respor_lse
Message measuring
generator test set

Figure 12: Intermodulation immunity measurement configuration (messages)

Generator A (fp £ d) and generator B (fp £ 2 % d) are used to produce two unwanted signa s with sufficient level to cause
3 order intermodulation in the wanted channel of the receiver due to non linearities. Generator C is used to produce a
wanted signal fo.

NOTE 1: fyisthereceive channe frequency and d isa selected frequency (normally 2 or 4 channd separations)
from f,.

The data output from the receiver is connected to aresponse measuring test set and the test message applied repestedly
with various levels of (equal) unwanted signal until the specified message acceptance ratio is achieved. Intermodul ation
immunity is recorded as the average ratio of the signal level from the wanted signal generator to the (equal) signal
levels of the unwanted signal generators over 10 measurements.

In this exampl e the message consists of 50 bits.
One hit error can be corrected.
b) Uncertainty calculations

Generator level uncertainty is+1 dB (d)(r):

Ujgen A/BIC = % =0,58dB (applicableto al generators)
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In this example calculation, insertion loss for the cables, coupler and attenuator have been individually measured and
the standard uncertainty calculated from the various components of uncertainty attributed during their measurement.

Cableloss (for each cable) is 0,1 dB and uncertainty:

Uj cableloss = £0,1 dB (m)(0)

Coupler attenuation is 3,0 dB and uncertainty:

Uj coupler att = 0,15 dB (m)(c)

Attenuator attenuation is 10 dB (x 0,316 linear - required for mismatch cal culations) and uncertainty:

U o = 0,1 dB (M)(0)

NOTE 2: In this example case, the three signa generators are identical and are connected to the receiver under test

in an identical way. As a conseguence the RF level uncertainties at the input of the receiver under test
from each generator are assumed to be the samei.e. Ucggna A = Ucsgnal B = Ucsigna ¢ Therefore, only the
level uncertainty of signal generator A will be calculated in detail.

Mismatch contributions:

signal generator reflection coefficients are 0,20 (d);
coupler reflection coefficients are 0,07 (d);

cable reflection coefficients are 0,10 (d);

attenuator reflection coefficients are 0,07 (d);

receiver under test reflection coefficients are 0,20 (d).

Mismatch uncertainty generator A to the EUT.

NOTE 3: Thehybrid coupler providesisolation between the generators of greater than 30 dB making any

interaction negligible and associated mismatch cal culations unnecessary. Cable insertion loss has been
assumed to be 0 dB (multiplication by 1 in linear terms) in the following cal culations. Coupler loss of
3 dB (multiplication by 0,708 in linear terms) is however taken into consideration in the following
calculations. The cable connecting generator A to the coupler isreferred to as the input cable, and the
cable connecting the coupler to thereceiver under test isreferred to as the output cable.

Mismatch uncertainty between signal generator A and thereceiver under test is calculated from the following:

0,2x01x100,, _
Uj mismatch: generatorandinput cable = — 7= % =1,414% (v)
V2
01x0,07x100,, _
Uj mismatch:input cableand coupler = T% =0,495% (v)
0,07x0,07x100,, _
Uj mismatch: couplerand att = T % = 0,347 % (v)
0,07x01%x100 , _
Uj mismatch: att and output cable = T% =0,495% (v)
01x0,2x100,, _
Uj mismatch: output cableand EUT = T% =1414%(v)
0,2x0,07x1%x100
Uj mismatch : generator and coupler = T% =0,99%(v)
01x 0,07 x 0,7082 x100
uj mismatch : input cable and att — \E % = 0,247% (V)
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0,07x0,1x 0,316 x100
Ujj mismatch : coupler and output cable = \/E % = 0,049% (v)

0,07 x0,2x12 x100
Ujmismatch: att and EUT = 2 % =0,99% (v)

0,2x0,07x12 x0,708% x 100
Uj mismatch : generator and att = 72 % = 0,496% (V)

0,1x 0,1x 0,708% x 0,316 x100
Ujj mismatch: input cable and output cable = \/E % = 0,035% (V)

0,07x0,2x0,316° x1,0° x 100
Uj mismatch : coupler and EUT = 2 % = 0,099% (v)

0,2x0,1x1,0? x 0,708% x 0,316> x100
Ujj mismatch : generator and output cable = ﬁ % =0,071%(v)

0,1x 0,2 0,708° x 0,316 x 1,02 x100
Uj mismatch :input cable and EUT = 2 % = 0,071%(v)

0,2x0,2x1,0% x 0,708 x 0,316 x 12 x 100
Uj mismatch : generator and EUT = \/E % =0,142% (v)

Asthe isolation between input portsis> 30 dB, any mismatch uncertainty components from the other input portsare
negligible. The RSS of all the mismatch uncertainty components detailed above = 2,63 %.

The total mismatch uncertainty from any generator to the receiver under test Uy migmaen = 2,63/11,5 = 0,23 dB.

Thetotal level uncertainty of the signal from generator A at thereceiver input is:

— 2 2 2 2 2 2
Ucsgnal A = \/Uj genA T Uj cableloss(input) T Uj cableloss(output) ¥ Yicoupler T Uj mismatch ™ + Yjattenuator

Ucsignal A = \J0582+010%+010%+0152+0,232 + 012 = 0,66dB

As previ ously stated u; signal A= Ucsignal B = Ucsignal C therefore: u. sgnal.B = 0,66 dB and Ucsignal c = 0,66 dB.
Intermodulation product level uncertainties:.
Uncertainty due to unwanted signal level (Generator A):

In clause 6.5.5.2.1 it is shown that the dependency function for the unwanted signa (from signal generator A) at
frequency fo = d is 2/3. The uncertainty of the measured result due to thelevel of signal A (U ieve dueto 4) 1S therefore
0,66 x 2/3=0,44 dB.

Uncertainty due to unwanted signal level (Generator B):

In clause6.5.5.2.1 it isalso shown that the dependency function for the unwanted signal (from signal generator B) at
frequency fo = 2 x dis 1/3. The uncertainty of the measured result dueto the level of signal B (U ieve aueto 8) 1S therefore
0,66 x 1/3=0,22 dB.

Uncertainty due to wanted signal level (Generator C):

In clause 6.5.5.2.2 it is shown that the dependency function of the wanted signal (from signal generator C) is1/3. The
uncertainty of the measured result due to the level of signal C (Uj e dueto ¢) 1S therefore: 0,66 x 1/3 dB = 0,22 dB.

Random uncertainty:

The standard deviation of random uncertainty is taken as 0,2 dB (m)(o).
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M essage acceptance measur ement uncertainty:
Case 1: Uncertainty associated with digital non-coher ent dir ect modulation

In the following cal culation the signal-to-noise ratio of the receiver isassumed to change 3 dB per dB level change of
the two unwanted signals due to the third order function.

The calculations are carried out using signal-to-noise ratio values, but the uncertainties involved are applicable to the
measured values (the actual ratios between the wanted signal level and the unwanted signal levels).

The straddle (up-down) method level recordings are "generator settings' between 1 dB and 4 dB corresponding to
receiver signal-to-noise levels between 1 dB and 12 dB.

The corresponding message acceptance at these signal-to-noise ratios are;

(The calculation method is shown in clause 6.6.4.5 of TR 100 028-1 [17], and the corresponding receiver signal-to-
noiseratios are used.)

Message acceptance at reading = 1 dB.
Thereceiver signal-to-noiseratio is 3 dB corresponding to 1,995. The BER corresponding to thisvalueis:
BER=05xe %¥19% = 01844 and the message acceptance
Ma(l) = p(0) + p(1) = (L-0,1844)°C + (50x 0,1844 x (1 0,1844)*°) = 0,00046
Message acceptance at reading = 2 dB.
Thereceiver signal-to-noiseratio is 6 dB corresponding to 3,98. The BER corresponding to thisvalueis:
BER=0,5xe %>3% =0,0683 and the message acceptance
Ma(2) = p(0) + p(1) = (1-0,0683)°C + (50 0,0683 x (1 0,0683)*°) = 0,1356
M essage acceptance at reading = 3 dB.
Thereceiver signal-to-noiseratio is 9 dB corresponding to 7,94. The BER corresponding to thisvalueis:
BER=0,5xe %>"% =0,0094 and the message acceptance
Ma(3) = p(0) + p(1) = (1-0,0094)>° + (50x 0,0094 x (1 - 0,0094)*°) = 0,9192
Message acceptance at reading = 4 dB.
Thereceiver signal-to-noiseratio is 12 dB corresponding to 15,85. The BER corresponding to thisvalueis
BER=0,5xe %¥158 = 0,00018 and the message acceptance
Ma(4) = p(0) + p(1) = (1L-0,00018)>° + (50x 0,00018 x (1 - 0,00018)*°) = 0,9999
Basad on these 4 values, the probabilities of each reading can be cal culated.
The method is given in clause 6.7 of TR 100 028-1 [17]:
1dB:  Probability of going up = 1 - 0,00046° =1,00
Probability of going down = 0,00046% = 9,7 x 10
2dB:  Probability of going up = 1 - 0,1356° = 0,998
Probability of going down = 0,1356° = 0,0025
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3dB:  Probability of going up = 1 - 0,9192° = 0,2233
Probability of going down = 0,9192° = 0,7767
4dB:  Probability of going up = 1 - 0,9999° = 0,0003
Probability of going down = 0,9999° = 0,9997

Based on these 4 sets of probabilities, the probability of each reading can be cal cul ated:

(as the probability of going down to 1 dB from 2 dB is 0,0025, the 1 dB reading is disregarded in the following, leaving
3 equations)

+ p(2dB) = p(3dB) x0,7767;

* p(3dB)=p(2dB) x1,0+ p(4 dB) x1,0;

e p(4dB) = p(3dB) x0,2233;

* Inaddition p(2 dB) + p(3 dB) + p(4 dB) = 1,0.
Theresultsare;

e p(2dB) = 0,388

* p(3dB) = 0,500;

« p(4dB)= 0,112
From these values the standard deviation of the uncertainty caused by the straddle method is cal culated:

e X=2x0,388+ 3 x0,500 + 4 x0,112= 2,72 dB;

+ Y= 2°x0,388+ 3 x0,500 + 4° x0,112 = 7,84 dB.

W-x2 _|784-2722

u jstraddle = \/E \/E

Case 2a: Uncertainty associated with digital non-coherent sub-carrier based modulation above the knee point

=0,211dB

Asthe signal-to-noiseratio dependency function is 1 dB/dB above the knee point the cal culations and the result from
Case 1 applies.

Case 2b: Uncertainty associated with digital non-coherent sub-carrier based modulation below the knee point

Below the knee point the receiver signal-to-noiseratio will change 3 dB per dB unwanted signal level change. In
addition the signal-to-noise ratio of the sub-carrier will change approximately 3 dB per dB receiver signal-to-noiseratio.
This causes the signal-to-noise ratio of the sub-carrier to change approximately 9 dB per dB unwanted signal level
change.

The straddle method will therefore be switching between two level settings of the unwanted signal levels: one where the
message acceptance is approximately 1,0 and one where the message acceptance is approximately 0,0.

Theresult will be the average of these two settings, but the correct value can be anywhere between the two settings.

Therefore the measurement uncertainty limits are £0,5 dB with a rectangular distribution giving the standard deviation:

05
Ujstraddie = —= = 0,29dB

Ne

Case 3: Uncertainty associated with digital coherent direct modulation

In the following calculation the signal-to-noise ratio of the receiver isassumed to change 3 dB per dB level change of
the two unwanted sgnals due to the third order function.
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The calculations are carried out using signal-to-noise ratio val ues, but the uncertainties involved are applicable to the
measured values (the actual ratios between the wanted signal level and the unwanted signal levels).

The straddle (up-down) method level recordings are "generator settings' between 0 dB and 3 dB corresponding to
receiver signal-to-noise levels between 0 dB and 9 dB.

The corresponding message acceptance at these signal-to-noise ratios are (the cal culation method is shown in
clause 6.6.4.2 of TR 100 028-1 [17], and the corresponding receiver signal-to-noise ratios are used).

Message acceptance at reading = 0 dB.

Therecever signa-to-noiseratio is 0 dB corresponding to 1,0. The BER corresponding to this value isread from
figure 21 to be 0,08 and the message acceptance:

Ma(0) = p(0) + p(2) = (1-0,08)*° + (50x 0,08 x (1- 0,08)*°) = 0,08
Message acceptance at reading = 1 dB.

Therecever signa-to-noiseratio is 3 dB corresponding to 2,00. The BER corresponding to thisvalueisread from
figure 21 to be 0,024 and the message acceptance:

Ma(1) = p(0) + p(1) = (1-0,024)>° + (50x 0,024 x (1 - 0,024)*°) = 0,662

Message acceptance a reading = 2 dB.

Thereceiver signal-to-noiseratio is 6 dB corresponding to 3,98. The BER corresponding to thisvalueis read from
figure 21 to be 0,0024 and the message acceptance.

Ma(2) = p(0) + p(1) = (1-0,0024)*° + (50x 0,0024 x (1 - 0,0024)*°) = 0,994

Message acceptance at reading = 3 dB.

Therecever signa-to-noiseratio is 9 dB corresponding to 7,94. The BER corresponding to thisvalueisread from
figure 21 to be 0,00003 and the message acceptance.

Ma(3) = p(0) + p(1) = (1-0,00003)>° + (50 x 0,00003 x (1 - 0,00003)*%) = 1,0

Based on these 4 values, the probabilities of each reading can be cal culated. The method isgiven in clause 6.7 of
TR 100 028-1[17]:

0dB:  Probability of going up = 1 - 0,08% = 0,9995;
Probability of going down = 0,08° = 0,0005;
1dB:  Probability of going up = 1 - 0,662° = 0,710;
Probability of going down = 0,662° = 0,290;
2dB:  Probability of going up = 1 - 0,994° = 0,018;
Probability of going down = 0,994° = 0,982;
3dB:  Probability of going up = 1 - 0,99999° = 0,00003;
Probability of going down = 0,99999° = 0,99997.

Based on these 4 sets of probabilities, the probability of each reading can be calculated: (as the probability of going up
to 3 dB from 2 dB is 0,018, the 3 dB reading is disregarded in the following, leaving 3 equations):

e p(0dB) = p(1dB) x0,290;

* p(1dB)=p(0dB) x1,0+ p(2dB) x1,0;

« p(2dB) = p(1dB) x0,710;

« Inaddition p(2 dB) + p(3 dB) + p(4 dB) = 1,0.
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Theresultsare;
* p(0dB) = 0,145;
« p(1dB) = 0,500;
« p(2dB) = 0,355.
From these values the standard deviation of the uncertainty caused by the straddle method is cal culated:
e X=0x0,245+ 1 x0,500 + 2 x0,355 = 1,21 dB;
+ Y= 0°x0,145+ 1% x0,500 + 2° x0,355 = 1,92 dB.

WY -x2 _y192-1222

u; =
jstraddle \/E \/E

Case 4a: Uncertainty associated with digital non-coherent sub-carrier based modulation above the knee point

=0,213dB

Asthe signal-to-noiseratio dependency function is 1 dB/dB above the knee point the cal culations and the result from
Case 1 applies.

Case 4b: Uncertainty associated with digital non-coherent sub-carrier based modulation below the knee point

Bd ow the knee point the receiver signal-to-noise ratio will change 3 dB per dB unwanted signal level change. In
addition the signal-to-noise ratio of the sub-carrier will change approximately. 3 dB per dB receiver signal-to-noise
ratio.

This causes the signal-to-noise ratio of the sub-carrier to change approximately 9 dB per dB unwanted signal level
change.

The straddle method will therefore be a switching between two level settings of the unwanted signal levels: one where
the message acceptance is approximately. 1,0 and one where the message acceptance is approximately 0,0.

Theresult will be the average of these two settings, but the correct value can be anywhere between the two settings.
Therefore the measurement uncertainty limitsare + 0,5 dB with arectangular distribution giving the standard deviation

0,5
Ujsraddle = —= = 0,29dB

73

The combined standard uncertainty for intermodul ation response rejection (for message acceptance) is.

— 2 2 2 2 2
ucintermodulationimmunity - \/uc levelduetoA” ¥ Uc levelduetoB™ ¥ Ucleveldueto ¢ T Uirandom * uj sraddle

Total uncertainty: Case 1 and case 2a

Ucintermodul ation immunity = \/0:442 + 01222 + 01222 + 0:22 + 0:2112 =061dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,61 dB = +1,2 dB (seeclause D.5.6.2).

Total uncertainty: Case2b

— 2 2 2 2 2 _
ucintermodulationimmunity —\/0144 +0,22°+0,22°+0,2° +0,29° = 064 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,64 dB = +1,25 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

Ucintermodul ation immunity = \/01442 + 01222 + 01222 + 0:22 + 0:2132 =061dB
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Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,61 dB = +1,2 dB (seeclause D.5.6.2).

Total uncertainty: Case 4b

Ucintermodul ation immunity = \/0:442 +0,222+0,222 +022+0,29° =0,64dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,64 dB = +1,25 dB (see clause D.5.6.2).

4.1.6 Blocking immunity or desensitization

41.6.1 Blocking immunity or desensitization for analogue speech

The only difference between this test and the spurious response immunity test in clause 4.1.4.1 isthat the interfering
signal has a narrower frequency sweep. All other factors are the same and, assuming the single side-band phase noise of
the interfering signal generator does not adversaly effect performance, the calculation of measurement uncertainty is the
same asfor clause4.1.4.1.

4.1.6.2 Blocking immunity or desensitization for bit streams

The only difference between this test and the spurious response immunity test in clause 4.1.4.2 isthat the interfering
signal has a narrower frequency sweep. All other factors are the same and, assuming the single side-band phase noise of
the interfering signal generator does not adversaly effect performance, the calculation of measurement uncertainty is the
same asfor clause4.1.4.2.

4.1.6.3 Blocking immunity or desensitization for messages

The only difference between this test and the spurious response immunity test in clause 4.1.4.3 isthat the interfering
signal has a narrower frequency sweep. All other factors are the same and, assuming the single side-band phase noise of
the interfering signal generator does not adversaly effect performance, the calculation of measurement uncertainty is the
same asfor clause4.1.4.3.

4.1.7 Conducted spurious emissions
a) Direct reading method

A spectrum analyser is calibrated from its internal reference source using a cable with negligible loss at the calibration
reference frequency. Thereceiver under test isthen connected to the spectrum analyser (see figure 13a) and an absolute
reading for each spurious signa obtained on the analyser. The levels are corrected for cable loss (which becomes
significant at the higher spurious frequencies) and recorded as the results for a direct reading. For this example,
measurement uncertainty must include components of uncertainty for the spectrum analyser, cable loss and various
mismatches between the receiver, cables and spectrum analyser.

Receiver Sle cable ><
under test T

Spectrum analyser

| cal ref o/p

position when calibrating

Figure 13a: Conducted spurious emission measurement configuration (direct method)
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b) Measurement uncertainty for the direct method
Mismatch uncertainty:
Mismatch uncertainty when calibrating the spectrum analyser:
- gpectrum analyser calibration reference output reflection coefficient is 0,2 (d);
- gpectrum analyser input reflection coefficient is 0,1 (d);
- calibration cablereflection coefficient is0,2 (d).
For calculation of mismatch, attenuation of the calibration cable is assumed to be 0,00 dB (x 1 linear):

0,2x0,2x100%
U mismatch : calibration reference output and cable = T =2,828 %(v)

0.1x0,2x100%
U mismatch : spectrum anayser input and cable = T = 1414 %(v)

01x0,2x1,0% x100%
Ujj mismatch: spectrum analyser input and spectrum analyzer cal output = N = 1414 %(v)

The combined standard uncertainty for mismatch during caibration is:

Uj mismatch : calibration = V14142 + 2,8282 + 14142 = 3464 % (v)
Mismatch uncertainty when measuring the receiver spurious:
- receiver reflection coefficient is0,7 (table F.1);
- measurement cable reflection coefficient is0,2 (d);
- gpectrum analyser input reflection coefficient is 0,1 (d).

For the calculation of mismatch, measurement cable attenuation is assumed to be 0,00 dB (x1 linear - providing worst
case mismatch).

0,7%0,2%x100%
Uj mismatch: receiver and cable = T =9899 % (v)

0,2x0,1x100% _
Ujj mismatch: cable and spectrum analyser — T = 1414 % (v)

0,7x01x1,0? x100%
Ujj mismatch: receiver and spectrum analyser = ﬁ = 4,950 % (v)

The combined standard uncertainty for mismatch with thereceiver connected is:

Ujj mismatch: receiver connected — \/9,8992 + 114142 + 419502 = 11158 %(v)

The combined standard uncertainty for mismatch is:

Uj mismetch: = V111587 +3,464% = 11,683 % (v)

Uncertainty when making the measurement on the spectrum analyser:

03

Uj calibratio n reference = \/5 =0173dB
25

Uj frequency response = \/5 =1443 dB
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05
U bandwidth switching = 73 =0,289 dB
15
Ujlog fidelity = ﬁ =0366 dB

0,2
Ujjinput attenuator switching = ﬁ =0115dB

Standard uncertainty of measurement cableis0,2 dB (m)(o).
NOTE 1: The uncertainty of the cable loss during calibration of the spectrum analyser is assumed to be negligible.
Random uncertainty:
Random uncertainty is +0,2 dB (m)(0).
Uncertainty due to supply voltage:
Supply voltage uncertainty is £100 mV (r).

Supply voltage uncertainty must be converted to an RF level uncertainty by means of formula 5.2 (of
TR 100 028-1[17]) and table F.1. Dependency values found in table F.1 are:

- mean value of 10 % (p)/V;
- standard deviation of 3 % (p)/V.
Therefore:

(0av)?

Uj converted supply voltage :\/ [ ] x ((10,0 %/V)?+(30%/ v)Z) =0603%( p)(0)

The combined standard uncertainty is:

11683\

— 0603
U conductedspuriousemission = E

2
+017F +1443 +028F +0866 +0115 +02° +02° + [230] =2018(dB)

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 2,018 dB = +3,96 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file "Rx conducted spurious emissions
(direct).xIs") and isavailable in tr_10002802v010301p0.zip.

d) Substitution method

In order to reduce measurement uncertainty, the receiver may be substituted by a signa generator and the level from the
generator increased until the same reading (as obtained with the receiver) is obtained again on the analyser. Thelevel on
the signal generator isthen recorded asthe result usng substitution. In this case, the large uncertainty of the spectrum
analyser isreplaced with the much lower uncertainty of the signal generator, and the cable uncertainty can also be
ignored since it is common to both measurements.
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Signal

generator

X alternative cable position
|

when substituting

cable ><— Spectrum analyser

Receiver
under test

Figure 13b: Conducted spurious emission measurement configuration (substitution method)

€) Measurement uncertainty for the substitution method

Mismatch uncertainty

- receiver reflection coefficient is0,7 (table F.1);

- measurement cable reflection coefficient is0,2 (m);

- gpectrum analyser input reflection coefficient is 0,1 (d);

- signal generator reflection coefficient is0,35 (d).

For the calculation of mismatch, cable attenuation is assumed to be 0,00 dB (x 1 linear - providing aworst case

mismatch).

U mismatch : receiver and cable = w =9,899 % (v)
Uj mismatch: cableand spectrum analyser = w = 1414 % (v)
Uj mismatch: receiver and spectrum analyser = 07 O,J.XJL;)Z x100% _ 4,950 % (v)
Ujj mismatch: generator and cable = w =4950 % (v)
Ujj mismatch: generator and spectrum analyser = 035% 0,1>i/l,§02 x100% = 2,475 % (v)

The combined standard uncertainty for mismatch is:

Uemimetcr = /98992 +14142 + 4,9502 + 49502 + 2,475% = 12,455 % (v)

Uncer tainty when making the measur ement:

Signal generator (substitution signal) uncertainty +1,5 dB (d):

Random uncertainty:

1

(&)

= 0866 dB

uj Signal generator =

@

Random uncertainty is 0,2 dB (m)(o).
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Uncertainty due to supply voltage:
Supply voltage uncertainty is 100 mV (r).

Supply voltage uncertainty must be converted to an RF level uncertainty by means of formula 5.2 (see TR 100 028-
1[17]) and table F.1. Dependency values found in table F.1 are;

- mean value of 10 % (p)/V;
- standard deviation of 3 % (p)/V.
Therefore:

01V
Uj convertedsupply voltage = ‘/[(3)] x ((10,0 %/V)? +(30%!/ v)2) =0,603%(p) (0)

The combined standard uncertainty is:

12,455

- 0,603
Uc conducted spurious emisson — 115

2 2
+0,866° +0,2% + [ ] = 1,401 dB
230

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,401 dB = +2,75 dB (see clause D.5.6.2).

NOTE 2: The substitution example has afar lower measurement uncertainty than the direct example.

4.1.8 Amplitude characteristic for analogue speech
a) Methodology

Thereceiver under test is connected to asignal generator viaa cable. The output from thereceiver is connected to an
AF voltmeter and load. The signal generator is adjusted to produce an appropriate level (usually near the threshold of
limiting) and a reading on the AF voltmeter obtained. The signal generator is then adjusted to produce a considerably
higher level and a second reading on the AF voltmeter obtained. The amplitude characteristic isrecorded astheratio (in
dBs) between the two readings.

Modulating AF
AF oscillator Voltmeter

Signal cable Rﬁﬁggrer > AF
generator >< >< test load
\ \

Figure 14: Amplitude characteristic measurement configuration

Uncertainty contributions affecting RF input level must be included for the first measurement (combined and converted
to AF level uncertainty by an appropriate dependency function) because at |ow RF levels below limiting, a small change
in receiver RF input level may result in arelatively large changein AF output. In the second measurement (well above
limiting) the resulting change at in AF output will usually be relatively small and the uncertainty of the RF input signal
therefore considered negligible.
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b) Measurement uncertainty
Mismatch uncertainty:
- dgnal generator reflection coefficient is0,2 (d);
- receiver reflection coefficient (table F.1) is0,2;
- cablereflection coefficientsare 0,1 (d).
In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB (x 1 linear).

0,2x01x100% _
Uj mismatch: generator and cable = T =1414 % (v)

01x0,2x100% _
uj mismatch: cableand receiver = T =1414%(v)

0,2x0,2x12 x100%
Ujj mismatch : generator and receiver = ﬁ =2828 % (v)

The combined standard uncertainty is:

Uo mismetch: = VL4142 +14142 + 28267 = 3464 %(V)
AF level uncertainty:
Signd generator level uncertainty 1 dB (d)(r):

_+10
Uj signal generator level = 5 0577 dB

Uncertainty of the cable attenuation is 0,1 dB (m)(0).

The combined standard uncertainty for theleve is:

2
Uclevel: = \/[311?] +0,577% +01°% = 0,659 dB

RF level uncertainty is converted to AF level uncertainty by means of formula 5.2 (of TR 100 028-1 [17]) and table F.1.
Dependency values found intable F.1 are;

- mean valueis 0,05 %/%;
- standard deviation is 0,02 %/% levd.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [17]. Since
like unitsareinvolved (i.e. % per %), the dependency values can be considered as:

- mean value of 0,05 dB/dB;
- standard deviation of 0,02 dB/dB levdl.

Therefore:

Uj AFlevel = /0650082 x ((0,05 dB/ dB)? + (002 dB / dB)Z): 0,035 dB

In the first measurement there may be some variation in the AF voltmeter reading due to noise.
Noise variation at low RF level is 0,2 dB (m)(0).

In the second measurement the AF level iswell above the system noise floor and the variation therefore negligible.
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AF volt meter uncertainty is+0,2 dB (d) (r) (Must be allowed for twice):

0,2
U; =——=0,115dB
j volt meter \/5

The combined standard uncertainty for amplitude characteristicis:

U amplituecharccterisic = 40,085 +022 + 0115 +0115% = 0,260 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,260 dB = +0,51 dB (see TR 100 028-1[17], clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file "Amplitude characteristic.xIs") and is
availablein tr_10002802v010301p0.zip.

4.1.9 Audio frequency response for analogue speech

Examplenot provided.

4.1.10 Harmonic distortion for analogue speech

Examplenot provided.

4.1.11 Hum and noise for analogue speech

Examplenot provided.

4.1.12 Multi-path sensitivity

Examplenot provided.

4.1.13 Biterror ratio

Examplenot provided.

4.1.14 Opening delay for data

Examplenot provided.

4.2 Radiated

4.2.1 Sensitivity tests (30 MHz to 1 000 MH2z)
A fully worked exampleillustrating the methodol ogy to be used can be found in ETR 273 [12]: part 1: clause 11.

4211 Anechoic Chamber

For receiver sensitivity measurement two stages of test areinvolved.

42111 Uncertainty contributions: Stage one: Determination of Transform Factor

The firg stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 15 and
determining the relationship between the signal generator output power level and theresulting field strength (the shaded
areasin figure 15 represent components common to both stages of the test).
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Measuring
antenna
Receiving Attenuator 1]
device 10dB ]
Measuring
antenna
cable 1

Figure 15: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 1. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 1: Contributions for the Transform Factor

uj or Description of uncertainty contributions dB
Uizg mismatch: transmitting part 0,00
Uz7 mismatch: receiving part
Uisg signal generator: absolute output level
Uizg signal generator: output level stability
Ui1g cable factor: measuring antenna cable
Uiig cable factor: test antenna cable 0,00
Ujgq insertion loss: measuring antenna cable
Ujgq insertion loss: test antenna cable 0,00
Uia0 insertion loss: measuring antenna attenuator
Uia0 insertion loss: test antenna attenuator 0,00
Ujg7 receiving device: absolute level
Uiie range length 0,00
Uo2 reflectivity of absorber material: measuring antenna to the test antenna 0,00
Ujgg antenna: antenna factor of the measuring antenna
Ujgs antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the measuring antenna
Uisg antenna: tuning of the test antenna 0,00
Uzo position of the phase centre: measuring antenna
Uos mutual coupling: measuring antenna to its images in the absorbing material
Uos mutual coupling: test antenna to its images in the absorbing material 0,00
Uigq mutual coupling: measuring antenna to the test antenna 0,00
Uj1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00
Uioz random uncertainty

The standard uncertainties from table 1 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (u

Transform Factor in dB.

¢ contributions from the Transform Factor) for the

42112 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) isto determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 16 (the shaded areas represent components common to both
stages of thetest).
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EUT

Figure 16: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test arelisted in table 2. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 2: Contributions from the EUT measurement

uj or Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Ug7 mismatch: receiving part

Uisg signal generator: absolute output level

Uizg signal generator: output level stability

Uiig cable factor: test antenna cable 0,00
Ugq insertion loss: test antenna cable 0,00
Uia0 insertion loss: test antenna attenuator 0,00
Uizo position of the phase centre: within the EUT volume

Uzp positioning of the phase centre: within the EUT over the axis of rotation of the turntable

Uso EUT: modulation detection

Uiie range length 0,00
U1 reflectivity of absorber material: EUT to the test antenna

Ujgs antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the test antenna 0,00
Uss EUT: mutual coupling to the power leads

Ujog mutual coupling: amplitude effect of the test antenna on the EUT 0,00
Uos mutual coupling: EUT to its images in the absorbing materials

Uos mutual coupling: test antenna to its images in the absorbing material 0,00
Uio1 random uncertainty

The standard uncertainties from table 2 should be combined by RSS in accordance with ETR 273 [12]: part 1:
subpart 1: clause 5. This gives the combined standard uncertainty (U contribution from the EUT measurement) fOF the EUT

measurement in dB.

42113 Expanded uncertainty of the receiver sensitivity measurement

The combined uncertainty of the sengtivity measurement is the combination of the components outlined in

clauses 4.2.1.1.1 and 4.2.1.1.2. The components to be combined are U, contribution from the Transform Factor @9 Ue contribution
from the EUT measurement-
= 2 . . + 2 . . = dB
Uc = 4/ Uccontribution fromthe TransformFactor  Uccontribution fromthe EUT measurement = —_1__

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.,=+ , dB(seeclauseD.5.6.2).
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4.2.1.2 Anechoic Chamber with a ground plane

A fully worked exampleillustrating the methodol ogy to be used can be found in ETR 273 [12]: part 1: subpart 2:
clause 4.

42121 Uncertainty contributions: Stage one: Determination of Transform Factor

Thefirs stage (determining the Transform Factor) involves placing ameasuring antenna as shown in figure 17 and
determining the relationship between the signal generator output power level and theresulting field strength (the shaded
areasin figure 17 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1| LAtiencator 2
device 10dB ] 1 10:dB
Measuring
antenna
cable 1

Ground Rlane

Figure 17: Stage one: Determination of Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 3. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 3: Contributions for the Transform Factor

uj Or Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Ug7 mismatch: receiving part
Uisg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Uiig cable factor: measuring antenna cable
Uiig cable factor: test antenna cable
Ujgq insertion loss: measuring antenna cable
Ugq insertion loss: test antenna cable 0,00
Uiao insertion loss: measuring antenna attenuator
Uia0 insertion loss: test antenna attenuator 0,00
Uja7 receiving device: absolute level
Uje range length
Uo2 reflectivity of absorbing material: measuring antenna to the test antenna
Ujgg antenna: antenna factor of the measuring antenna
Ujgs antenna: gain of the test antenna
Uise antenna: tuning of the measuring antenna
Uise antenna: tuning of the test antenna 0,00
Uzp position of the phase centre: measuring antenna
Uos mutual coupling: measuring antenna to its images in the absorbing material
Uos mutual coupling: test antenna to its images in the absorbing material
Uiig mutual coupling: measuring antenna to its images in the ground plane
Uiig mutual coupling: test antenna to its images in the ground plane
Uigq mutual coupling: measuring antenna to the test antenna
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uj or i Description of uncertainty contributions dB
Ui1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

Uio1 random uncertainty

The standard uncertainties from table 18 should be combined by RSS in accordance with ETR 273 [12]: part 1:
subpart 1: clause 5. This gives the combined standard uncertainty (u

Transform Factor in dB.

¢ contributions from the Transform Factor) for the

42122 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) isto determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 18 (the shaded areas represent components common to both
stages of thetest).

EUT

Ground plane

Figure 18: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test arelisted in table 4. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 4: Contributions from the EUT measurement

uj or; Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Uizg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Ui1g cable factor: test antenna cable
Ugq insertion loss: test antenna cable 0,00
Uiao insertion loss: test antenna attenuator 0,00
Uizo position of the phase centre: within the EUT volume
Upg positioning of the phase centre: within the EUT over the axis of rotation of the turntable
Ujso EUT: modulation detection
Uie range length
U1 reflectivity of absorbing material: EUT to the test antenna
Ujgs antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the test antenna 0,00
Uss EUT: mutual coupling to the power leads
Ujog mutual coupling: amplitude effect of the test antenna on the EUT
Uos mutual coupling: EUT to its images in the absorbing materials
U1z mutual coupling: EUT to its image in the ground plane
Uos mutual coupling: test antenna to its images in the absorbing material
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uj or i Description of uncertainty contributions dB
Uiig mutual coupling: test antenna to its image in the ground plane

Uio1 random uncertainty

The standard uncertainties from table 4 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (Ue. contribution from the EUT measurement) fOr the EUT

measurement in dB.

42.1.2.3 Expanded uncertainty of the receiver sensitivity measurement

The combined uncertainty of the sendtivity measurement is the combination of the components outlined in

clauses 4.2.1.2.1 and 4.2.1.2.2. The components to be combined are U, .oribution from the Transform Factor @9 Uc contribution

from the EUT measurement-

= 2 . . + 2 . . = dB
Uc = 4/Uccontribution fromthe Transform factor + Uc contribution fromthe EUT measurement = __1_ _

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.,=+ , dB(seeclauseD.5.6.2).
42.1.3 Open Area Test Site

A fully worked exampleillustrating the methodol ogy to be used can be found in ETR 273 [12]: part 1: subpart 2: clause
4. For receiver sengitivity measurement two stages of test areinvolved.

42131 Uncertainty contributions: Stage one: Transform Factor

Thefirst stage (determining the Transform Factor) involves placing ameasuring antenna as shown in figure 19 and
determining the relationship between the signal generator output power level and theresulting field strength (the shaded
areasin figure 19 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1|/
device f 10 dB
Measuring
antenna
cable 1 :

Ground piane

Figure 19: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 5.
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Table 5: Contributions for the Transform Factor

uj or i Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Ug7 mismatch: receiving part
Uisg signal generator: absolute output level 0,00

Uizg signal generator: output level stability

Uiio cable factor: measuring antenna cable

Uiig cable factor: test antenna cable

Uaq insertion loss: measuring antenna cable

Uaq insertion loss: test antenna cable 0,00
Uiao insertion loss: measuring antenna attenuator

Uia0 insertion loss: test antenna attenuator 0,00
Uja7 receiving device: absolute level

Uiie range length

Uigg antenna: antenna factor of the measuring antenna

Uigs antenna: gain of the test antenna

Uise antenna: tuning of the measuring antenna

Uisg antenna: tuning of the test antenna 0,00

Uioo position of the phase centre: measuring antenna

Uigg mutual coupling: measuring antenna to its images in the ground plane

Uigg mutual coupling: test antenna to its images in the ground plane

Uigq mutual coupling: measuring antenna to the test antenna

12 mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

random uncertainty

i0l

The standard uncertainties from table 5 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (u

Transform Factor in dB.

¢ contributions from the Transform Factor) for the

42132 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) isto determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 20 (the shaded areas represent components common to both
stages of thetest).

EUT

Ground plane

Figure 20: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test arelisted in table 6. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 6: Contributions from the EUT measurement

uj or i Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Uisg signal generator: absolute output level 0,00

Uizg signal generator: output level stability

Ui1g cable factor: test antenna cable

Ugq insertion loss: test antenna cable 0,00

Uia0 insertion loss: test antenna attenuator 0,00

Uioo position of the phase centre: within the EUT volume

Uipq positioning of the phase centre: within the EUT over of the axis of rotation of the turntable

Uiso EUT: modulation detection

Uiie range length

Uigs antenna: gain of the test antenna 0,00

Uisg antenna: tuning of the test antenna 0,00

Uiss EUT: mutual coupling to the power leads

Ujog mutual coupling: amplitude effect of the test antenna on the EUT

U3 mutual coupling: EUT to its image in the ground plane

Uiig mutual coupling: test antenna to its image in the ground plane

Uio1 random uncertainty

The standard uncertainties from table 6 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (Ue. contribution from the EUT measurement) fOr the EUT

measurement in dB.

42133 Expanded uncertainty of the receiver sensitivity measurement

The combined uncertainty of the sendtivity measurement is the combination of the components outlined in

clauses 4.2.1.3.1 and 4.2.1.3.2. The components to be combined are u, andu

¢ contribution from the Transform Factor c contribution

from the EUT measurement-

= 2 . . + 2 . . = dB
Uc = 4/Uccontribution fromthe Transform factor + Uc contribution fromthe EUT measurement = __1_ _

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.,=+ , dB(seeclauseD.5.6.2).
4.2.1.4 Striplines

For testsin which the results of the verification procedure have been used, the test will have comprised only asingle
measurement stage. Otherwise, two measurement stages of the test would have been involved.

A fully worked example calculation can be found in ETR 273 [12]: part 1: subpart 2: clause 5.

42141 Uncertainty contributions: Stage 1: EUT measurement

Thefirs stage involves the measurement set-up as shown in figure 21.
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EUT with volume centre Central_axis
midway between plates & of stripline 150
_ termination

: Non-conducting,
Modula_tlon ] low dielectric constant
detection support stand

attenuator

Figure 21: Stage 1 schematic: EUT Measurement

Table 7 ligts the uncertainty contributionsinvolved in this stage of the test. Annex A should be consulted for the sources
and/or magnitudes of the uncertainty contributions.

Table 7: Uncertainty contributions from the EUT measurement

uj or i Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Ug7 mismatch: receiving part

Uisg signal generator: absolute output level

Uizg signal generator: output level stability

Uiig cable factor: signal generator 0,00
Ugq insertion loss: signal generator cable 0,00
Uia0 insertion loss: signal generator attenuator 0,00
Ujg7 receiving device: absolute level 0,00
Uisg receiving device: linearity 0,00
Uizo Stripline: correction factor for the size of the EUT

Uiog Stripline: mutual coupling of the EUT to its images in the plates

Uss EUT: mutual coupling to the power leads

Ujze Stripline: characteristic impedance

Ujp7 Stripline: non-planar nature of the field distribution

Uisz Stripline: influence of site effects

Uizg ambient effect

Uso EUT: modulation detection

Uioz random uncertainty

The standard uncertainties from table 7 should be combined by RSS in accordance with ETR 273 [12]: part 1.

subpart 1: clause 5. This gives the combined standard uncertainty, U, g1 measurement, fOr the EUT measurement in dB.

42142 Uncertainty contributions: Stage 2: Field measurement
For testsusing theresults of the verification procedure

As stated above, for testsin which theresults of the verification procedure are used, this second stage does not really
exist. In terms of its contribution to the overall uncertainty of this test, the verification procedure contributes the full
value of its overall uncertainty. So, in this case, the standard deviation of the verification procedureistaken asthe
contribution U fieid measurement-
For the Monopole

Figure 22 shows schematically the equipment set-up for this stage of the test. The uncertainty contributionsresulting are
given in table 23. Annex A should be consulted for the sources and/or magnitudes of the uncertainty contributions.
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Central axis of

Monopole / Stripline

: 150 Q
10dB / termination

attenuators Receiving
device

Ferrite beads

Figure 22: Stage 2 schematic: Monopole field measurement

Table 8: Uncertainty contributions from the Monopole field measurement

uj or Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Ug7 mismatch: receiving part
Uja7 signal generator: absolute output level
Uiag signal generator: output level stability
Ui1g cable factor: signal generator 0,00
Ui1g cable factor: monopole cable 0,00
Uaq insertion loss: signal generator cable 0,00
Ugq insertion loss: monopole cable 0,00
Uia0 insertion loss: signal generator attenuator 0,00
Uia0 insertion loss: monopole attenuator 0,00
Ujg7 receiving device: absolute level 0,00
Uisg receiving device: linearity 0,00
Ugy Stripline: antenna factor of the monopole
Uizo Stripline: correction factor for the size of the EUT
Uog Stripline: mutual coupling of the EUT to its images in the plates
Ujzg Stripline: characteristic impedance
Ujp7 Stripline: non-planar nature of the field distribution
Uisg Stripline: influence of site effects
Uizg ambient effect
Uio1 random uncertainty

The standard uncertainties from table 8 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty, u for the Monopole field

measurement in dB.

¢ field measurement,
For the 3-axis probe

The uncertainty contributions for this configuration during the test are as given in table 9. Annex A should be consulted
for the sources and/or magnitudes of the uncertainty contributions.
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Table 9: Uncertainty contributions from the field measurement

uj or i Description of uncertainty contributions dB
Uizg mismatch: transmitting part

Uisg signal generator: absolute output level

Uizg signal generator: output level stability

Ui1g cable factor: signal generator 0,00
Ugq insertion loss: signal generator cable 0,00
Uiao insertion loss: signal generator attenuator 0,00

Ujog Stripline: field strength measurement as determined by the 3-axis probe

Uzo Stripline: correction factor for the size of the EUT

Uiog Stripline: mutual coupling of the EUT to its images in the plates

Uiog Stripline: characteristic impedance

Uo7 Stripline: non-planar nature of the field distribution

Uiag Stripline: influence of site effects

Uigg ambient effect

Ujos Stripline: mutual coupling of the 3-axis probe to its image in the plates

Uio1 random uncertainty

The standard uncertainties from table 9 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty, U fied measurement, fOr the 3-axis probe field

measurement in dB.

42143 Expanded uncertainty for the Receiver sensitivity measurement

The combined standard uncertainty of the results of the recelver sensitivity measurement is the RSS combination of the
components outlined in clauses 4.2.1.4.1 and 4.2.4.1.2 above. The components to be combined are U, g1 measurement

and Uc field measurement:

_ 2 2 _
Ue = \/uc EUT measurement T Uc field measurement” = __,__0dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).

4215 Test Fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stageto the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 10.

4.2.15.1 Uncertainty contributions

All the uncertainty contributions for thetest arelisted in table 10.

Table 10: Contributions from the measurement

uj or; Description of uncertainty contributions dB
Uisg signal generator: absolute output level
Uizg signal generator: output level stability
Ugo Test Fixture: effect on the EUT
Uig1 Test Fixture: climatic facility effect on the EUT
Uio1 random uncertainty
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The standard uncertainties from table 10 should be given values according to annex A. They should then be combined
by RSSin accordance with ETR 273 [12]: part 1: subpart 1: clause 5. This gives the combined standard uncertainty
(uc contributions fromthe measurement) for the EUT measurement in dB.

42152 Expanded uncertainty of the Maximum usable sensitivity measurement

Testsin aTest Fixture differ to radiated tests on all other types of site in that thereis only one stage to the test.
However, the Test Fixture measurement could be considered as stage two of a test in which stage one was on an
accredited Free-Fidd Test Site. The combined standard uncertainty of the maximum usable sensitivity measurement is
therefore, smply the RSS combination of the value for U, oo trinutions from the measurement 9€rived above and the combined

uncertal nty of the Free-Field Test Site Uc contribution from the Free-Field Test Siter

— 2 2 —
Uec = \/Uc contributions fromthe measurement + Uc contributions fromthe free field test site = 0B

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu., =+ , dB(seeclauseD.5.6.2).

4.2.1.6 Salty Man/Salty lite

4216.1 Anechoic Chamber

A fully worked exampleillustrating the methodology to be used can be found in ETR 273 [12]: part 1: subpart 2:
clause 4.

Therecever sensitivity measurement involves two stages of testing.

4216.1.1 Uncertainty contributions: Stage one: Transform factor measurement

Thefirst stage (determining the Transform Factor) involves placing ameasuring antenna as shown in figure 23 and
determining the relationship between the signal generator output power level and theresulting field strength (the shaded
areasin figure 23 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1 [
device 10dB
Measuring
antenna
cable 1

Figure 23: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 11. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 11: Contributions for the Transform Factor

uj ori Description of uncertainty contributions dB
Uizg mismatch: transmitting part 0,00
Uig7 mismatch: receiving part
Uisg signal generator: absolute output level
Uizg signal generator: output level stability
Uiig cable factor: measuring antenna cable
Uiio cable factor: test antenna cable 0,00
Uigq insertion loss: measuring antenna cable
Uigq insertion loss: test antenna cable 0,00
Uiao insertion loss: measuring antenna attenuator
Uiao insertion loss: test antenna attenuator 0,00
Uja7 receiving device: absolute level
Ue range length 0,00
U2 reflectivity of absorber material: measuring antenna to the test antenna 0,00
Uigs antenna: antenna factor of the measuring antenna
Uiss antenna: gain of the test antenna 0,00
Uise antenna: tuning of the measuring antenna
Uisg antenna: tuning of the test antenna 0,00
Uioo position of the phase centre: measuring antenna
Uios mutual coupling: measuring antenna to its images in the absorbing material
Uos mutual coupling: test antenna to its images in the absorbing material 0,00
Uigq mutual coupling: measuring antenna to the test antenna 0,00
o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00
Uior random uncertainty

The standard uncertainties from table 11 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (u

Transform Factor in dB.

¢ contributions from the Transform Factor) for the

42.1.6.1.2 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) isto determine the minimum signal generator output level which produces
therequired response from the EUT as shown in figure 24 (the shaded areas represent components common to both
stages of thetest).

EUT

Figure 24: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test arelisted in table 12. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 12: Contributions from the EUT measurement

uj ori Description of uncertainty contributions dB
Uizg mismatch: transmitting part 0,00
Uig7 mismatch: receiving part
Uisg signal generator: absolute output level
Uizg signal generator: output level stability
Uiig cable factor: measuring antenna cable
Uiio cable factor: test antenna cable 0,00
Uigq insertion loss: measuring antenna cable
Uigq insertion loss: test antenna cable 0,00
Uiao insertion loss: measuring antenna attenuator
Uiao insertion loss: test antenna attenuator 0,00
Uja7 receiving device: absolute level
Ue range length 0,00
U2 reflectivity of absorber material: measuring antenna to the test antenna 0,00
Uigs antenna: antenna factor of the measuring antenna
Uiss antenna: gain of the test antenna 0,00
Uise antenna: tuning of the measuring antenna
Uisg antenna: tuning of the test antenna 0,00
Uipo position of the phase centre: measuring antenna
Uos mutual coupling: measuring antenna to its images in the absorbing material
Uos mutual coupling: test antenna to its images in the absorbing material 0,00
Uigq mutual coupling: measuring antenna to the test antenna 0,00
Uio mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00
Uisg Salty man/salty-lite: human simulation
Uisg Salty man/salty-lite: field enhancement and de-tuning of the EUT
Uio1 random uncertainty

The standard uncertainties from table 13 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (Ue. contribution from the EUT measurement) fOr the EUT

measurement in dB.

42.1.6.1.3 Expanded uncertainty

The combined uncertainty of the sendtivity measurement is the combination of the components outlined in

clauses 4.2.1.6.1.1 and 4.2.1.6.1.2. The components to be combined are U, ¢ontribution from the Transform Factor &1 Ue

contribution from the EUT measurement*

_ 2 o +u2 A = dB
Uc = 4/Uccontribution fromthe TransformFactor + Uccontribution fromthe EUT measurement = — s __

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).
4.2.1.6.2 Anechoic Chamber with a ground plane

A fully worked exampleillustrating the methodology to be used can be found in ETR 273 [12]: part 1: subpart 2:
clause 4.

Thereceiver senditivity measurement involves two stages of testing.
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4216.2.1 Uncertainty contributions: Stage one: Determination of Transfer Factor

Thefirst stage (determining the Transform Factor) involves placing ameasuring antenna as shown in figure 25 and
determining the relationship between the signal generator output power level and theresulting field strength (the shaded

areasin figure 25 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1|]
device 10dB ]
Measuring
antenna
cable 1

Figure 25: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 13. Annex A should be

consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 13: Contributions for the Transform Factor

uj ori Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Ug7 mismatch: receiving part
Uisg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Uig cable factor: measuring antenna cable
Ug cable factor: test antenna cable
Ujgq insertion loss: measuring antenna cable
Ujgq insertion loss: test antenna cable 0,00
Uiso insertion loss: measuring antenna attenuator
Uisg insertion loss: test antenna attenuator 0,00
Uig7 receiving device: absolute level
Uje range length
Ujo2 reflectivity of absorbing material: measuring antenna to the test antenna
Uigg antenna: antenna factor of the measuring antenna
Ujs5 antenna: gain of the test antenna
Uisg antenna: tuning of the measuring antenna
Uisg antenna: tuning of the test antenna 0,00
Upo position of the phase centre: measuring antenna
Uos mutual coupling: measuring antenna to its images in the absorbing material
Uos mutual coupling: test antenna to its images in the absorbing material

Ujig mutual coupling: measuring antenna to its images in the ground plane

Ujig mutual coupling: test antenna to its images in the ground plane

Ujgq mutual coupling: measuring antenna to the test antenna
Uj1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
Uioy random uncertainty

The standard uncertainties from table 13 should be combined by RSS in accordance with ETR 273 [12]: part 1.

subpart 1: clause 5. This gives the combined standard uncertainty (u
Transform Factor in dB.

ETSI
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42.16.2.2

The second stage (the EUT measurement) isto determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 26 (the shaded areas represent components common to both
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Uncertainty contributions: Stage two: EUT measurement

stages of thetest).

EUT

Ground plane

Figure 26: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test arelisted in table 14. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 14: Contributions from the EUT measurement

uj ori Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Uisg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Uio cable factor: test antenna cable
Ugq insertion loss: test antenna cable 0,00
Uao insertion loss: test antenna attenuator 0,00
Uoo position of the phase centre: within the EUT volume
Upq positioning of the phase centre: within the EUT over the axis of rotation of the turntable
Ujso EUT: modulation detection
Ujg range length
U1 reflectivity of absorbing material: EUT to the test antenna
Ujg5 antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the test antenna 0,00
Ujss EUT: mutual coupling to the power leads
Ujog mutual coupling: amplitude effect of the test antenna on the EUT
Uos mutual coupling: EUT to its images in the absorbing materials
U3 mutual coupling: EUT to its image in the ground plane
Uos mutual coupling: test antenna to its images in the absorbing material
Ujig mutual coupling: test antenna to its image in the ground plane
Usg Salty man/salty-lite: human simulation
Usg Salty man/salty-lite: field enhancement and de-tuning of the EUT
Uio1 random uncertainty

The standard uncertainties from table 14 should be combined by RSS in accordance with ETR 273 [12]: part 1:
subpart 1: clause 5. This gives the combined standard uncertainty (U contribution from the EUT measurement) fOr the EUT

measurement in dB.
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42.1.6.2.3 Expanded uncertainty

The combined uncertainty of the sendgtivity measurement is the combination of the components outlined in

clauses 4.2.1.6.2.1 and 4.2.1.6.2.2. The components to be combined are U, ¢ontribution from the Transform Factor @1d Ue

contribution from the EUT measurement*

_ 2 o + 2 o _ dB
Uc = 4/Uccontribution fromthe TransformFactor + Uccontribution fromthe EUT measurement = — s __

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu., =+ , dB(seeclauseD.5.6.2).
4.2.1.6.3 Open Area Test Site

A fully worked exampleillustrating the methodol ogy to be used can be found in ETR 273 [12]: part 1: subpart 2:
clause 4.

Thereceiver sensitivity measurement involves two stages of testing.

4216.3.1 Uncertainty contributions: Stage one: Transfer Factor

Thefirst stage (determining the Transform Factor) involves placing ameasuring antenna as shown in figure 27 and
determining the relationship between the signal generator output power level and theresulting field strength (the shaded
areasin figure 27 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1|
device 10 dB
Measuring
antenna
cable 1

i Ground Elane

Figure 27: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 15. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 15: Contributions for the Transform Factor

uj ori Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Uig7 mismatch: receiving part
Uisg signal generator: absolute output level 0,00

Uizg signal generator: output level stability
Uiig cable factor: measuring antenna cable
Uiio cable factor: test antenna cable

Uigq insertion loss: measuring antenna cable

Uigq insertion loss: test antenna cable 0,00
Uiao insertion loss: measuring antenna attenuator

Uiao insertion loss: test antenna attenuator 0,00
Uja7 receiving device: absolute level

Ue range length

Uigg antenna: antenna factor of the measuring antenna
Uiss antenna: gain of the test antenna

Uise antenna: tuning of the measuring antenna

Uise antenna: tuning of the test antenna 0,00
Uioo position of the phase centre: measuring antenna

Uiig mutual coupling: measuring antenna to its images in the ground plane
Uiig mutual coupling: test antenna to its images in the ground plane

Uigq mutual coupling: measuring antenna to the test antenna
Ujo mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
Ugq random uncertainty

The standard uncertainties from table 15 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (u

Transform Factor in dB.

¢ contributions from the Transform Factor) for the

42.1.6.3.2 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) isto determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 28 (the shaded areas represent components common to both
stages of thetest).

EUT

Ground plane

Figure 28: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test arelisted in table 16. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 16: Uncertainty contributions from the EUT measurement

uj ori Description of uncertainty contributions dB
Uizg mismatch: transmitting part
Uisg signal generator: absolute output level 0,00

Uizg signal generator: output level stability
Uig cable factor: test antenna cable

Uigq insertion loss: test antenna cable 0,00
Uiao insertion loss: test antenna attenuator 0,00
Uoo position of the phase centre: within the EUT volume

Ui positioning of the phase centre: within the EUT over of the axis of rotation of the turntable
Uiso EUT: modulation detection

Ue range length

Uiss antenna: gain of the test antenna 0,00
Uise antenna: tuning of the test antenna 0,00
Uiss EUT: mutual coupling to the power leads

Ujog mutual coupling: amplitude effect of the test antenna on the EUT
U3 mutual coupling: EUT to its image in the ground plane

Uiig mutual coupling: test antenna to its image in the ground plane
Uisg Salty man/salty-lite: human simulation

Uisg Salty man/salty-lite: field enhancement and de-tuning of the EUT
Uio1 random uncertainty

The standard uncertainties from table 16 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (Ue. contribution from the EUT measurement) fOr the EUT

measurement in dB.

4.2.1.6.3.3 Expanded uncertainty

The combined uncertainty of the sendtivity measurement is the combination of the components outlined in
clauses 4.2.1.6.3.1 and 4.2.1.6.3.2. The components to be combined are U, ¢ontribution from the Transform Factor &1 Ue

contribution from the EUT measurement*

_ 2 o 12 o _ dB
Uc = 4/Uccontribution fromthe TransformFactor + Uccontribution fromthe EUT measurement = — s __

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).

4.2.2 Co-channel rejection

4221 Test fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stageto the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 17.

42211 Uncertainty contributions

All the uncertainty contributions for thetest arelisted in table 17.
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Table 17: Contributions from the measurement

uj ori Description of uncertainty contributions dB
Uigo Test Fixture: effect on the EUT

Uiy Test Fixture: climatic facility effect on the EUT
Uio1 random uncertainty

Uisg signal generator A: absolute output level

Uisg signal generator B: absolute output level

Uizg signal generator A: output level stability

Uizg signal generator B: output level stability

The standard uncertainties from table 17 should be given values according to annex A. They should then be combined
by RSSin accordance with ETR 273 [12]: part 1: subpart 1: clause 5. This gives the combined standard uncertainty
(uc contributions fromthe meaSJrement) for the EUT measurement in dB.

4.2.2.1.2 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on all other types of site in that thereis only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, uc, of the
co-channel rejection measurement is therefore, smply the RSS combination of the value for Ug, contribution fromthe

measurement d€rived above and the combined uncertainty of the Free-field Test Site Ug, oy ribution from the Free-Field Test Site-

— 2 2 —
Uec = \/uc contributions from the measurement * U contributions from the free— field test site =— s __ 0B
Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).

4.2.3  Adjacent channel selectivity

4231 Test fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 18.

4.2.3.1.1 Uncertainty contributions

All the uncertainty contributions for thetest arelisted in table 18.

Table 18: Contributions from the measurement

uj ori Description of uncertainty contributions dB
u Test Fixture: effect on the EUT

61 Test Fixture: climatic facility effect on the EUT
Uioz random uncertainty
u signal generator A: absolute output level

i60

u

j38

u signal generator B: absolute output level

j38

u signal generator A: output level stability

i39

u signal generator B: output level stability

i39

The standard uncertainties from table 18 should be given values according to annex A. They should then be combined
by RSSin accordance with ETR 273 [12]: part 1: subpart 1: clause 5. This gives the combined standard uncertainty
(uc contributions fromthe measurement) for the EUT measurement in dB.
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4.2.3.1.2 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on all other types of site in that thereis only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, uc, of the
adjacent channel sdlectivity measurement istherefore, smply the RSS combination of the value for u

the measurement d€rived above and the combined uncertainty of the Free-field Test Site u

c contributions from
c contribution fromthe Free-Field Test
Ster

— 2 2 —
Uc = \/Uc contributions from the measurement * U¢ contributions from the free— field test site =— s __ 0B

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
1,96 xu.=+ , dB(seeclauseD.5.6.2).

4.2.4 Intermodulation immunity

4241 Test fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stageto the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 19.

42411 Uncertainty contributions

All the uncertainty contributions for thetest arelisted in table 19.

Table 19: Contributions from the measurement

ujori Description of uncertainty contributions dB
Uigo Test Fixture: effect on the EUT

Uiy Test Fixture: climatic facility effect on the EUT
Uio1 random uncertainty

Uisg signal generator A: absolute output level

Uizg signal generator A: output level stability

Uizg signal generator B: absolute output level

Uizg signal generator B: output level stability

Uizg signal generator C: absolute output level

Uizg signal generator C: output level stability

The standard uncertainties from table 19 should be given values according to annex A. They should then be combined
by RSSin accordance with ETR 273 [12]: part 1: subpart 1: clause 5. This gives the combined standard uncertainty
(uc contributions fromthe measurement) for the EUT measurement in dB.

42412 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on all other types of site in that thereis only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, u., of the

intermodulation immunity measurement is therefore, smply the RSS combination of the value for U, .oniributions from the
measurement d€rived above and the combined uncertainty of the Free-field Test Site U., o ribution from the Free-Fidld Test Site-

— 2 2 —
Uec = \/Uc contributions from the measurement * U contributions from the free— field test site =— s __ 0B

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.,=+ , dB(seeclauseD.5.6.2).
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4.2.5 Blocking immunity or degradation

4251 Test fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 20.

42511 Uncertainty contributions

All the uncertainty contributions for thetest arelisted in table 20.

Table 20: Contributions from the measurement

uj ori Description of uncertainty contributions dB
Ugo Test Fixture: climatic facility effect on the EUT

Uiy Test Fixture: effect on the EUT

Uio1 random uncertainty

Uizg signal generator A: absolute output level
Uisg signal generator B: absolute output level
Uizg signal generator A: output level stability
Uizg signal generator B: output level stability

The standard uncertainties from table 20 should be given values according to annex A. They should then be combined
by RSSin accordance with ETR 273 [12]: part 1: subpart 1: clause 5. This gives the combined standard uncertainty

(uc contributions fromthe meas;rement) for the EUT measurement in dB.

42512 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on all other types of site in that thereis only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, u,, of the

blocking immunity (or desensitization) measurement istherefore, simply the RSS combination of the value for

u + derived above and the combined uncertainty of the Free-field Test Siteu

¢ contributions from the measuremen c contribution from

the Free-Field Test Site*

— 2 2 —
Ue = \/uc contributions from the measurement * U contributions from the free— field test site =— s __ 0B

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.,=+ , dB(seeclauseD.5.6.2).

4.2.6 Spurious response immunity to radiated fields

426.1 Anechoic Chamber

426.11 Uncertainty contributions: Stage 1: Transform Factor

If thefirst stage involved measuring the Transform Factor (as shown in figure 29) i.e. the relationship between the
output level of the sgna generator (dBm) and theresulting field strength (dBuV/m) in the vicinity of the turntable, then
the shaded areas in figure 29 represent components common to both stages of the test.
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Figure 29: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 21. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 21: Contributions for the Transform Factor

ujori Description of uncertainty contributions dB
Uizg mismatch: transmitting part
U3z mismatch: receiving part
Uisg signal generator: absolute output level
Uizg signal generator: output level stability
Uig cable factor: measuring antenna cable
Uig cable factor: test antenna cable
Uiy insertion loss: measuring antenna cable
Ugq insertion loss: test antenna cable 0,00
Uao insertion loss: measuring antenna attenuator
Uiao insertion loss: test antenna attenuator 0,00
Ua7 receiving device: absolute level
Uye range length 0,00
Uop reflectivity of absorber material: measuring antenna to the test antenna 0,00
Uigg antenna: antenna factor of the measuring antenna
Ujs5 antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the measuring antenna
Uisg antenna: tuning of the test antenna 0,00
Upp position of the phase centre: measuring antenna
Uos mutual coupling: measuring antenna to its images in the absorbing material
Uos mutual coupling: test antenna to its images in the absorbing material 0,00
Ujgq mutual coupling: measuring antenna to the test antenna 0,00
Uj1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00
Uio1 random uncertainty

Alternatively, if the 3-axis probe was used, then figure 30 illustrates the test equipment set-up and table 89 liststhe
uncertainty components that contribute.
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3-axis
probe
Figure 30: Stage 1: 3-axis probe
Table 22: Contributions for the 3-axis probe
uj or | Description of uncertainty contributions dB
Uizg mismatch: transmitting part 0,00
Uisg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Uio cable factor: test antenna cable
Ugq insertion loss: test antenna cable 0,00
Uiao insertion loss: test antenna attenuator 0,00
Ue range length
Uiss antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the test antenna 0,00
Uos mutual coupling: test antenna to its images in the absorbing material 0,00
Uio mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00
Uog field strength measurement as determined by the 3-axis probe
Uio1 random uncertainty

The standard uncertainties from table 21 or table 22 should be combined by RSS in accordance with ETR 273 [12]:
part 1: subpart 1: clause 5. This gives the combined standard uncertainty (u

Transform Factor in dB.

¢ contributions from the Transform Factor) for the

4.2.6.1.2 Uncertainty contributions: Stage 2: EUT measurement

In this stage, the wanted signal is set to the level specified in the standard using either the Transform Factor of the
3-axis probe. The unwanted signal isthen switched on and the level adjusted until thelevel of the unwanted signd, as
measured on the 3-axis probe, is at the wanted signal level plus the spurious response rejection ratio required. The
schematic of the equipment set-up is shown in figure 31.

All the uncertainty components that contribute to this stage of the test arelisted in table 23. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Measuring
antenna

|
. ~
3-axis i Erual
probe 10:
EUT
Figure 31: Stage 2: EUT measurement
Table 23: Contributions from the EUT measurement
uj or | Description of uncertainty contributions dB

Uoo position of the phase centre: within the EUT volume
Uis, EUT: modulation detection

Ujog field strength measurement as determined by the 3-axis probe (unwanted signal
measurement)
Uio1 random uncertainty

The standard uncertainties from table 23 should be combined by RSS in accordance with ETR 273 [12]: part 1.
subpart 1: clause 5. This gives the combined standard uncertainty (u ) for the EUT

measurement in dB.

¢ contribution from the EUT measurement

426.1.3 Expanded uncertainty

The combined uncertainty of the spurious response immunity measurement is the combination of the components
outlined in clauses 4.2.6.1.1 and 4.2.6.1.2. The components to be combined are u

u

¢ contribution from the Transform Factor and

¢ contribution fromthe EUT measurement*

= 2 . . + 2 . . = dB
Uc = 4/ Uccontribution fromtheTransformFactor  Uccontribution fromthe EUT measurement = —_1__

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).
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Annex A:
Uncertainty contributions

Thisannex containsaligt of the uncertainties identified as being involved in radiated tests and gives details on how
their magnitudes should be derived. Numerical and aphabetical lists of the uncertainties are given in tables A.20 and
A.21.

A radiated test, whether a verification procedure or the measurement of a particular parameter, consists of two stages.
For a verification procedure thefirst stageisto set areference level followed by the second stage which involves a
measurement of the path |oss between two antennas. For EUT testing, the first sageisto measurethe EUT followed by
the second stage which involves comparing the result to a known standard or reference. Asaresult of this methodology
there are measurement uncertainty contributions that are common to both stages of any test, some of which cancel
themselves out, others are included once whilst yet others have to be included twice.

NOTE: For the measurement of some EUT receiver parametersthe stages are reversed.

Converting data: In the evaluation of any particular contribution it may be necessary to convert given data (e.g. froma
manufacturer's information) into standard uncertainty. The following will aid any conversions that may be necessary.

Mismatch uncertainties have 'U' shaped distributions. If the limits are +a the standard uncertainty is: a/v2.

Systematic uncertainties e.g. the uncertainty associated with cable loss are, unless the actual distribution is known,
assumed to have rectangular distributions. If the limits are +a the standard uncertainty is: a/V3.

The rectangular distribution is a reasonable default model to choose in the absence of any other information.

For conversion of % to dB, table A.1 should be used (for more information on the derivation of the table see
ETR 273[12]: part 1: subpart 1: clause 5).

Table A.1: Standard uncertainty conversion factors

Converting from standard Conversion factor To standard
uncertainties in ...: multiply by: uncertainties in ...:
dB 11,5 voltage %
dB 23,0 power %
power % 0,0435 dB
power % 0,5 voltage %
voltage % 2,0 power %
voltage % 0,0869 dB

Terminology: In this annex the following phases should be interpreted as follows:

* "FreeFidd Test Sites': are Anechoic Chambers, Anechoic Chambers with ground planes and Open Area Test
Sites;

o "Stripline": refers to the CENELEC EN 55020 [15] design of two plate open Striplineg;
* "Verification": refers to the measurement in which the test site is compared to its theoretical modd!;
* "Test methods': refersto all radiated tests apart from the verification procedure;

e "Trangmitting" and "receiving" antennas. are used in the verification procedure only; all other references to
antennas (i.e. substitution, measuring and test) are for test methods.

REFLECTIVITY

Background: The absorber pandsin Anechoic Chambers (both with and without ground planes) reflect signal levels
which can interfere with the required field distribution.
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UJ (01 Reflectivity of absorbing material: EUT to the test antenna

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic materias. It
isthe estimated uncertainty due to reflections from the absorbing material.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

* Test methods: If thetest ispart of a substitution measurement the standard uncertainty is 0,00 dB, otherwise the
value from table A.2 should be used.

Table A.2: Uncertainty contribution: Reflectivity of absorbing material:
EUT to the test antenna

Reflectivity of the Standard uncertainty of the
absorbing material contribution
reflectivity <10 dB 4,76 dB
10 dB < reflectivity < 15 dB 3,92 dB
15 dB < reflectivity < 20 dB 2,56 dB
20 dB < reflectivity < 30 dB 1,24 dB
reflectivity > 30 dB 0,74 dB

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj (02 Reflectivity of absorbing material: substitution or measuring antenna to the test antenna

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic materias. It
isthe estimated uncertainty due to reflections from the absorbing material.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

* Test methods: In a substitution type measurement the reflectivity of the absorber material tendsto be nullified
by the substitution methodol ogy. However, there will always be some differences in the radiation patterns of the
EUT and the substitution or measuring antenna and hence the standard uncertainty to allow for this should be
taken as 0,50 dB.

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj (03 Reflectivity of absorbing material: transmitting antenna to the receiving antenna

This uncertainty only contributes to the verification procedures on Free Field Test Sites that incorporate anechoic
materials. It isthe estimated uncertainty due to refl ections from the absorbing material.

How to evaluate for Free Fiedld Test Sites

* Verification: Therdevant value for this contribution should be taken from table A.3.
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Table A.3: Uncertainty contribution: Reflectivity of absorbing material:
transmitting antenna to the receiving antenna

Reflectivity of the Standard uncertainty of the
absorbing material contribution
reflectivity <10 dB 4,76 dB
10 dB < reflectivity < 15 dB 3,92 dB
15 dB < reflectivity < 20 dB 2,56 dB
20 dB < reflectivity < 30 dB 1,24 dB
reflectivity > 30 dB 0,74 dB

* Test methods: Not applicable.
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: Not applicable.
MUTUAL COUPLING

Background: Mutual coupling is the mechanism which produces changes in the el ectrical behaviour of an EUT or
antenna when placed close to a conducting surface, another antenna, etc. These mechanisms areillustrated in figure A.1.
The effects can include de-tuning, gain variations, changes to the radiation pattern and input impedance, etc.
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Figure A.1: Mutual coupling (Anechoic Chamber illustrated)

Uj 04 Mutual coupling: EUT to itsimagesin the absorbing material

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites that incorporate
anechoic material. It isthe uncertainty which results from the degree of imaging in the absorber/shield of the
chamber and the resulting effect on the input impedance and/or gain of theintegral antenna

How to evaluate for Free Fiedld Test Sites
* Verification: Not applicable.

e Test methods: The sandard uncertainty is 0,50 dB.
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How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 05 Mutual coupling: de-tuning effect of the absorbing material on the EUT

This uncertainty only contributes to the test methods on Free Field Test Sites that incorporate anechoic materials.
It is the uncertainty of any de-tuning effect due to the return loss of the absorbers.

How to evaluate for Free Fidld Test Sites
* Verification: Not applicable.

* Test methods: Thisvalue will be 0,00 Hz provided the absorbing panels are more than 1 metre away from the
EUT and thereturn loss of the panelsis above 6 dB (testing should not take place for spacings of less than
1 metre). For return losses bel ow 6 dB, the value should be taken as 5 Hz standard uncertainty.

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 06 Mutual coupling: substitution, measuring or test antenna to itsimagesin the absorbing material

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic material. Itis
the uncertainty which results from the degree of imaging in the absorber/shield of the chamber and the resulting
effect on the antenna's input impedance and/or gain.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.
* Test methods:

- for thetest antenna only, if it is a the same height for both stages one and two of the test method, then for
any absorber depth the uncertainty is 0,00 dB, otherwise the standard uncertainty is 0,50 dB;

- for substitution or measuring antennas the standard uncertainty is 0,50 dB.
How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj Q7 Mutual coupling: transmitting or receiving antenna to itsimages in the absorbing material

This uncertainty only contributes to verification procedures on Free Field Test Sites that incorporate anechoic
material. It isthe uncertainty which results from the degree of imaging in the absorber/shield of the chamber and
the resulting effect on the antenna's input impedance and/or gain.

How to evaluate for Free Field Test Sites
* Verification:
- for thetransmitting antenna the standard uncertainty is 0,50 dB;
- for thereceiving antenna the standard uncertainty is 0,50 dB.

» Test methods: Not applicable.
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How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 08 Mutual coupling: amplitude effect of the test antenna on the EUT

This uncertainty only contributes to test methods on Free Field Test Sites. It isthe uncertainty which resultsfrom
the interaction (impedance changes, etc.) between the EUT and the test antenna when placed close together.

How to evaluate for Free Fidld Test Sites
* Verification: Not applicable.

* Test methods: Thisisthe uncertainty which results from the interaction (impedance changes, etc.) between the
EUT and the test antenna when placed close together. The standard uncertainty should be taken from table A.4.

Table A.4: Uncertainty contribution: Mutual coupling: amplitude effect
of the test antenna on the EUT

Range length Standard uncertainty of the
contribution
0,62 /((d1+d2)*/A) < range length < 2(d;+d2)*/A 0,50 dB
range length > 2(d1+d2)2//1 0,00 dB
NOTE: d; and d; are the maximum dimensions of the EUT and the test antenna.

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 09 Mutual coupling: de-tuning effect of the test antenna on the EUT

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic materias. It
is the uncertainty of any de-tuning effect due to mutual coupling between the EUT and the test antenna.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

* Test methods: Thisvalue will be 0,00 Hz provided the spacing between the test antenna and EUT is greater than
(dy+ d2)2/4)l. For lesser spacing, the value should be taken as 5 Hz standard uncertainty.

NOTE 1: d; and d, are the maximum dimensions of the EUT and the test antenna
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: Not applicable.

Uj 10 Mutual coupling: transmitting antenna to receiving antenna

This uncertainty only contributes to verification procedures on Free Field Test Sites. It isthe uncertainty which
results from the change in coupled signal level between the transmitting and receiving antenna when placed
close together.
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How to evaluate for Free Fidd Test Sites

* Verification: For ANSI dipolesthe value of thisuncertainty is 0,00 dB sinceit isincluded, where significant, in

the mutual coupling and mismatch loss correction factors. For non-ANS| dipoles the standard uncertainty can be
taken from table A.5.

Table A.5: Uncertainty contribution: Mutual coupling: transmitting antenna
to receiving antenna

Frequency Standard uncertainty Standard uncertainty
of the contribution of the contribution
(3 m range) (10 m range)
30 MHz < frequency < 80 MHz 1,73dB 0,60 dB
80 MHz < frequency < 180 MHz 0,6 dB 0,00 dB
frequency > 180 MHz 0,00 dB 0,00 dB

* Test methods: Not applicable.
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: Not applicable.

Uj 11 Mutual coupling: substitution or measuring antenna to the test antenna

This uncertainty only contributes to test methods on Free Field Test Sites. It isthe uncertainty which resultsfrom
the change in coupled signal level between the substitution or measuring and test antenna when placed close

together.
How to evaluate for Free Field Test Sites
* Verification: Not applicable.

* Test methods: For ANSI dipoles the value of this uncertainty is 0,00 dB sinceit isincluded, where significant,

in the mutual coupling and mismatch loss correction factors. For non-ANSI dipoles the standard uncertainty can
be taken from table A.6.

Table A.6: Uncertainty contribution: Mutual coupling:
substitution or measuring antenna to the test antenna

Frequency Standard uncertainty Standard uncertainty
of the contribution of the contribution
(3 m range) (10 m range)
30 MHz < frequency < 80 MHz 1,73 dB 0,60 dB
80 MHz < frequency < 180 MHz 0,6 dB 0,00 dB
frequency = 180 MHz 0,00 dB 0,00 dB

How to evaluate for Striplines
» Verification: Not applicable.
* Test methods: Not applicable.

Uj 12 Mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty which results from the interpolation between two values in the mutua coupling and mismatch loss
correction factor table (given in the relevant test methods and verification procedures).

How to evaluate for Free Fiedld Test Sites

» Verification: The standard uncertainty can be obtained from table A.7.
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Table A.7: Uncertainty contribution: Mutual coupling:
interpolation of mutual coupling and mismatch loss correction factors

Frequency (MHz) Standard uncertainty of
the contribution
for a spot frequency given in the table 0,00 dB
30 MHz < frequency < 80 MHz 0,58 dB
80 MHz < frequency < 180 MHz 0,17 dB
frequency > 180 MHz 0,00 dB

* Test methods: The standard uncertainty can be obtained from table A.7.
How to evaluate for Striplines

* Verification: Not applicable.

» Test methods: Not applicable.

Uj 13 Mutual coupling: EUT toitsimagein the ground plane

This uncertainty contributes to test methods on Free Field Test Sitesthat incorporate a ground plane. It isthe
uncertainty which results from the change in gain and/or sensitivity of an EUT when placed close to a ground
plane.

How to evaluate for Free Fied Test Sites
* Verification: Not applicable.

* Test methods: The standard uncertainty can be obtained from table A.8.

Table A.8: Uncertainty contribution: Mutual coupling:
EUT to its image in the ground plane

Spacing between the EUT Standard uncertainty
and the ground plane of the contribution
For a vertically polarized EUT
spacing < 1,25 A 0,15 dB
spacing > 1,25 A 0,06 dB
For a horizontally polarized EUT

spacing < A/2 1,15dB

A2 < spacing < 3\/2 0,58 dB

3A/2 < spacing < 3A 0,29 dB

spacing = 3\ 0,15 dB

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 14 Mutual coupling: substitution, measuring or test antenna to itsimagein the ground plane

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate aground plane. Itis
the uncertainty which results from the change in input impedance and/or gain of the substitution, measuring or
test antenna when placed close to a ground plane.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.

* Test methods: The standard uncertainty can be obtained from table A.9.
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Table A.9: Uncertainty contribution: Mutual coupling: substitution,
measuring or test antennato its image in the ground plane

Spacing between the antenna Standard uncertainty
and the ground plane of the contribution
For a vertically polarized antenna
spacing< 1,25 A 0,15dB
spacing > 1,25 A 0,06 dB
For a horizontally polarized antenna

spacing < A/2 1,15dB

A2 < spacing < 3\/2 0,58 dB

3M\/2 < spacing < 3A 0,29 dB

spacing = 3\ 0,15dB

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 15 Mutual coupling: transmitting or receiving antenna to itsimage in the ground plane

This uncertainty only contributes to verification procedures on Free Field Test Sites that incorporate a ground
plane. It is the uncertainty which results from the change in gain of the transmitting or receiving antennawhen
placed close to a ground plane.

How to evaluate for Free Fiedld Test Sites

* Verification: For ANS! dipolesthe value of thisuncertainty is 0,00 dB asit isincluded, where significant, in the
mutual coupling and mismatch loss correction factors. For other dipoles the value can be obtained from
table A.10.

Table A.10: Uncertainty contribution: Mutual coupling: transmitting
or receiving antenna to its image in the ground plane

Spacing between the antenna Standard uncertainty
and the ground plane of the contribution
For a vertically polarized antenna
spacing < 1,25 A 0,15 dB
spacing > 1,25 A 0,06 dB
For a horizontally polarized antenna

spacing < A/2 1,15dB

A2 < spacing < 3\/2 0,58 dB

3A/2 < spacing < 3A 0,29 dB

spacing = 3\ 0,15 dB

* Test methods: Not applicable.
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: Not applicable.

RANGE LENGTH

Background: Therange length over which any radiated test is carried out should aways be adequate to enable far field
testing. It may also be specified in therelevant deliverable

NOTE 2: Range length isdefined as the horizontal distance between the phase centres of the EUT and the test
antenna.
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Over areflective ground plane where a height scan isinvolved to peak thereceived signal the distance over which a
measurement is performed is not always equal to therange length. Figure A.2 illustrates the difference between range
length and measurement distance.

Range length
< >

Figure A.2: Range length and measurement distance

It isimportant to distinguish clearly between these two terms.

Uj 16 Rangelength

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty associated with the curvature of the phase front resulting from inadequate range length between an
EUT and antenna or, alternatively, between two antennasi.e. it should always be equal to or greater than
2(dy+d,)%/A.

NOTE 3: d; and d, are the maximum dimensions of the antennas.
How to evaluate for Free Fiedld Test Sites

e Verification: If ANSI dipoles are used the valueis 0,00 dB, since it isincluded in the mutual coupling and
mismatch loss correction factors, otherwise the value should be taken from table A.11.

Table A.11: Uncertainty contribution: Range length (verification)

Range length (i.e. the horizontal distance Standard uncertainty of
between phase centres) the contribution
(d1+d2)%/4\ < range length < (dai+d2)?/2A 1,26 dB
(d1+d2)%/2) < range length < (da+d2)?/A 0,30 dB
(d1+d2)%/A < range length < 2(da+d2)*/A 0,10 dB
range length > 2(d1+d2)%A 0,00 dB
NOTE: d: and d; are the maximum dimensions of the antennas.

Test methods

» For the EUT totest antenna stage the value should be taken from table A.12. For the substitution or measuring
antennato the test antenna stage: If ANSI dipoles are used the value is 0,00 dB, sinceit isincluded in the mutual
coupling and mismatch loss correction factors, otherwise the value should be taken from table A.12.
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Table A.12: Uncertainty contribution: Range length (test methods)

Range length (i.e. the horizontal distance Standard uncertainty of
between phase centres) the contribution
(d1+d)%/4\ < range length < (di+d2)?/2A 1,26 dB
(d1+d)%/2) < range length < (da+d2)?/A 0,30 dB
(d1+d2)%/A < range length < 2(d1+d2)?/A 0,10 dB
range length > 2(d;+d2)7/A 0,00 dB
NOTE: d; and d; are the maximum dimensions of the EUT and the test
antenna used in one stage and are the maximum dimensions of
the two antennas in the other stage.

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
CORRECTIONS

Background: Inradiated tests the height of the test antennaiis optimised in each stage of the test, often the heights for
the two stages are different. Thisleads to different measuring distances and elevation angles and corrections should be
applied to take account of these effects.

Uj 17 Correction: off boresight anglein eevation plane

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate a ground plane. Where
the height of the antenna on the magt differs between the two stages of a particular measurement, two different
elevation angles are subtended between the turntable and the test antenna. A correction factor should be applied
to compensate. Its magnitude should be calculated using figure A.7 according to the guidance given in the test
method. This uncertainty contribution is the estimate of the accuracy of the calculated correction factor and it
only applies when the test antenna has a directional radiation pattern in the elevation plane see figure A.3.

NOTE 4: Figure A.7 appliesto vertically polarized dipoles and bicones and to both polarisations of LPDAS. For
horns, or any other type of antenna, figure A.7 isinappropriate and the test engineer should provide
specific corrections.

Antenna
radiation
pattern

Boresight
< l
0dB

Off boresight
angle typ. 39°

-3dB

Figure A.3: Off boresight correction
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How to evaluate for Free Fidld Test Sites
* Verification: Not applicable.
e Test methods:
For any antenna:

- where the optimised height of the antenna on the mast isthe same in the two stages of the test, this value
is 0,00 dB;

- for vertically polarized dipoles and bicones where the optimised height of the antenna on the mast is
different in the two stages of the test, the standard uncertainty of the value is 0,10 dB;

- for horizontally or vertically polarized LPDAs where the optimised height of the antenna on the mast is
different in the two stages of the test, the standard uncertainty of the value is 0,50 dB;

- for any other antenna, after application of a correction specific to that antenna, where the optimised
height of the antenna on the mast is different in the two stages of the test, the standard uncertainty of the
valueis 0,50 dB.

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 18 Correction: measurement distance

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate a ground plane. Where
the height of the antenna on the magt differs between the two stages of a particular measurement, two different
path losses result from the different measurement distances involved. A correction factor (seefigure A.8) should
be applied to compensate. Its magnitude should be cal culated according to the guidance given in the test method.
Thisuncertainty contribution is the estimate of the accuracy of the calculated correction factor.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.
* Test methods:

- where the optimised height of the antenna on the mast isthe same in the two stages of thetest, thisvalueis
0,00 dB;

- where the optimised height of the antenna on the mast is different in the two stages of the test, the standard
uncertainty of the valueis 0,10 dB.

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
RADIO FREQUENCY CABLES

Background: There are radiating mechanisms by which RF cables can introduce uncertainties into radiated
measurements:

- leakage,
- acting asaparasitic e ement to an antenng;

- introducing common mode current.
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Leakage allows el ectromagnetic coupling into the cables. Because the e ectromagnetic wave contains both e ectric and
magnetic fields, mixed coupling occurs and the voltage induced is very dependant on the orientation, with respect to the
cable, of the dectric and magnetic fields. This coupling can have different effects depending on the length of the cable
and whereit isin the system. Cables are usually the longest part of the test equipment configuration and as such,
leakage can make them act as efficient recelving or transmitting antennas that, as aresult, will contribute significantly
to the uncertainty of the measurement.

The parasitic effect of the cable can potentially be the most significant of the three effects and can cause major changes
to the antennas radiation pattern, gain and input impedance. The common mode current problem has similar effects on
an antenna's performance.

All three effects can be largely eliminated by routing and loading the cables with ferrite beads as detailed in the test
methods. An RF cable for which no precautions have been taken to prevent these effects can, simply by being
repositioned, cause different results to be obtained.

Uj19 cavlefactor

This uncertainty contributes to test methods and verification procedures. Cable factor is defined as the total
effect of the RF cable's influence on the measuring system.

How to evaluate for Free Field Test Sites

« Verification: In thedirect attenuation stage of the procedure (a conducted measurement) all fields are enclosed
and hence the contribution is assumed to be zero. However in the radiated attenuation stage, the standard
uncertainty for each cableis 0,5 dB provided the precautions detailed in the procedure have been observed. If the
precautions have not been observed the contributions have a standard uncertainty of 4,0 dB (justification for
these valuesis given in annex E);

* Test methods: The sandard uncertainty for each cableis0,5 dB provided the precautions detailed in the method
have been observed. If the precautions have not been observed the contributions have a standard uncertainty of
4,0 dB (justification for these valuesis given in annex E).

Exceptionally, where a cable and antenna combination has not been repositioned between the two stages (asin
the case of the test antennain an Anechoic Chamber) and the precautions detailed in the procedure have been
observed, the contribution is assumed to be 0,00 dB. If the combination has not been repositioned but the
precautions have not been observed the contribution is 0,5 dB.

NOTE 5: Repositioning means any change in the positions of either the cable or the antennain stage two of the
measurement re ative to stage one e.g. height optimisation over a ground plane.

How to evaluate for Striplines

« Verification: In thedirect attenuation stage of the procedure (a conducted measurement) all fields are enclosed
and hence the contribution is assumed to be zero. However in the radiated attenuation stage the standard
uncertainty for each cableis 0,5 dB provided the precautions detailed in the procedure have been observed. If the
precautions have not been observed the contributions have a standard uncertainty of 4,0 dB (justification for
these valuesis given in annex E).

» Test methods. The sandard uncertainty for each cableis0,5 dB provided that the precautions detailed in the
method have been observed. If the precautions have not been observed the contribution has a standard
uncertainty of 4,0 dB (justification for these valuesis given in annex E).

PHASE CENTRE POSITIONING

Background: The phase centre of an EUT or antenna.is the point from which the deviceis considered to radiate. If the
device isrotated about this point the phase of the signal, as seen by a fixed antenna, does not change. It istherefore
critical to (a) Identify the phase centre of an EUT or antennaand (b) to position it correctly on thetest site.
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UJ 2(0 Position of the phase centre: within the EUT volume

This uncertainty only contributes to test methods. It is the accuracy with which the phase centre isidentified
within the EUT.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

* Test methods: Only applicablein the stage in which the EUT is measured. If the precise phase centreis
unknown, the uncertainty contribution should be cal culated from:

+ the maximum dimension of thedevice

- x 100%
twicetherange length

As the phase centre can be anywhere inside the EUT this uncertainty is assumed to be rectangularly distributed
(see ETR 273 [12]: part 1: subpart 1: clause 5.1.2). The standard uncertainty can therefore be calculated and
converted to the logarithmic form (see ETR 273 [12]: part 1: subpart 1: clause 5).

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 271 Positioning of the phase centre: within the EUT over the axis of rotation of the turntable

This uncertainty only contributes to test methods. It is the accuracy with which the identified phase centre of the
EUT isaligned with the axis of rotation of the turntable.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

e Test methods: Only applicablein the stage in which the EUT is measured. The maximum value should be
calculated from:

+ the estimated offset from the axis of rotation
range length

x100%

Asthiserror source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see ETR 273 [12]: part 1: subpart 1: clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see ETR 273 [12]: part 1: subpart 1: clause 5).

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: Not applicable.

Uj 22 Position of the phase centre: measuring, substitution, receiving, transmitting or test antenna

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty with which the phase centre can be positioned.

How to evaluate for Free Field Test Sites
e Verification:
- for the transmitting antenna the maximum value should be cal cul ated from:

+ the estimated offset from the axis of rotation
range length

x100%
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- for thereceiving antennaiin an Anechoic Chamber the maximum value should be cal cul ated from:

* theuncertai nty withwhichtherangelengthcanbeset
rangelength

x 100%

- for thereceiving antenna over aground plane the maximum value should be calculated from:

+ the maximum estimated defl ection from vertical of the top of the mast
rangelength

x 100%

Asthiserror source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see ETR 273 [12]: part 1: subpart 1: clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see ETR 273 [12]: part 1: subpart 1: clause 5).

e Test methods:
- for the measuring and substitution antennas the maximum value should be calculated from:

+ the estimated offset from the axis of rotation
range length

x100%

- for thetest antennain an Anechoic Chamber the maximum value should be cal cul ated from:

* theuncertainty withwhichtherangelengthcanbeset
rangelength

x 100%

- for thetest antenna over a ground plane the maximum val ue should be cal culated from:

* the maximum estimated defl ection from vertical of the top of the mast
rangelength

x 100%

Asthiserror source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see ETR 273 [12]: part 1: subpart 1: clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see ETR 273 [12]: part 1: subpart 1: clause 5).

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 23 Position of the phase centre: LPDA

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty associated with the changing position of the phase centre with frequency of the LPDA.

How to evaluate for Free Fiedld Test Sites

* Verification: The maximum value should be cal cul ated from:

+ the maximum dimension of thedevice
twicetherange length

x 100%

Asthiserror source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see ETR 273 [12]: part 1: subpart 1: clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see ETR 273 [12]: part 1: subpart 1: clause 5).

* Test methods: For the test antenna the contribution is 0,00 dB. For the substitution or measuring LPDA the
maximum value should be calculated from:

* thelengthof theLPDA
twicetherange length

x100%
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Asthiserror source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see ETR 273[12]: part 1: subpart 1: clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see ETR 273 [12]: part 1: subpart 1: clause 5).

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
STRIPLINE

Background: The Striplineis an aternative test siteto a Free Field Test Site. It is essentiadly a large open transmission
line comprising two flat metal plates between which a TEM waveis generated. Theresulting field is assumed to exhibit
a planar distribution of amplitude and phase.

Uj 24 Stripline: mutual coupling of the EUT to itsimagesin the plates

This uncertainty only contributes to Stripline test methods. It isthe uncertainty which results from the imaging of
the EUT in the plates of the Stripline.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: Not applicable.

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: The magnitude is dependent on the size of the EUT (which is assumed to be placed midway
between the plates). The value of the uncertainty contribution can be obtained from table A.13.

Table A.13: Uncertainty contribution: Stripline: mutual coupling
of the EUT to its images in the plates

Size of the EUT relative to the plate Standard uncertainty of
separation the contribution
size/separation < 33 % 1,15dB
33 % < size/separation <50 % 1,73dB
50 % < size/separation <70 % 2,89 dB
70 % < size/separation < 87,5 % (max.) 5,77 dB

Uj 25 Stripline: mutual coupling of the 3-axis probe to itsimage in the plates

This uncertainty only contributes to Stripline test methods. It isthe uncertainty which results from the imaging of
the 3-axis probe in the plates of the Stripline.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: Not applicable.

How to evaluate for Striplines
* Verification: Not applicable.

e Test methods: The sandard uncertainty is 0,29 dB.
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Uj 20 Stripline: characteristic impedance
This uncertainty only contributes to Stripline test methods. This uncertainty contribution results from the

difference between the free space wave impedance (377 Q) for which the EUT has been devel oped and that for
the Stripline (150 Q).

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: Not applicable.
How to evaluate for Striplines
* Verification: Not applicable.
* Test methods. The sandard uncertainty is 0,58 dB.

Uj 27 Stripline: non-planar nature of the field distribution

This uncertainty only contributes to Stripline test methods. It isthe uncertainty which results from the non-planar
nature of the field distribution within the Stripline.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
» Test methods: Not applicable.

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: The standard uncertainty is 0,29 dB.

Uj 28 Stripline: field strength measurement as determined by the 3-axis probe

This uncertainty only contributes to Stripline test methods. It isthe uncertainty which results from using a 3-axis
probe to measure the e ectric field strength within the Stripline.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: Not applicable.
How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: The measurement uncertainty of the 3-axis probe is taken from manufacturer's data sheet and

converted to a standard uncertainty if necessary.

Uj 29 Stripline: Transform Factor

This uncertainty only contributes to Stripline test methods. It isthe uncertainty with which the Transform Factor
(i.e. therelationship between the input voltage to the Stripline and the resulting dlectric field strength between
the plates) is determined.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
* Test methods: Not applicable.
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How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: If the verification procedure results are used, the standard uncertainty is the combined standard

uncertainty of the verification procedure.

UJ 30 Stripline: interpolation of values for the Transform Factor

This uncertainty only contributes to Stripline test methods. It isthe uncertainty associated with interpolating
between two adjacent Transform Factor for the Stripline.

How to evaluate for FreeField Test Sites
* Verification: Not applicable.
* Test methods: Not applicable.
How to evaluate for Striplines
* Verification: Not applicable.
» Test methods: Where the frequency of test corresponds to a set frequency in the verification procedure, this

contribution to the combined uncertainty is 0,00 dB. For any other frequency, the value of the standard
uncertainty is taken as 0,29 dB.

Uj 31 Stripline: antenna factor of the monopole

This uncertainty only contributes to Stripline test methods and the verification procedure. It is the uncertainty
with which the antenna factor/gain of the monopoleis known.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
» Test methods: Not applicable.

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: The standard uncertainty is 1,15 dB.

Uj 32 Stripline: correction factor for the size of the EUT

This uncertainty only contributes to Stripline test methods. It isthe uncertainty due to the EUT being mounted in
the Stripline where the height of the EUT is significant in the E-plane compared to the plate separation.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: Not applicable.

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: For EUT mounted centrally in the Stripline, values can be obtained from table A.14.
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Table A.14: Uncertainty contribution: Stripline: correction factor for the size of the EUT

Height of the EUT Standard uncertainty of the
(in the E-plane) is: contribution
height <0,2 m 0,30dB
0,2 m < height < 0,4 m 0,60 dB
0,4 m < height < 0,7 m 1,20 dB

Uj 33 Stripline: influence of site effects

This uncertainty only contributes to Stripline test methods. It isthe uncertainty which results from the possible
interaction between the fields of the Stripline and objects in its immediate environment.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
» Test methods: Not applicable.

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: For any method of field strength measurement, it is assumed that, provided none of the absorbing
panels placed around the Stripline or the Stripline itself are moved either between the verification procedure and
the test or between the measurement on the EUT and the field measurement parts of thetest (for Monopole or
3-axis probe). The standard uncertainty of the contribution is 0,00 dB. If, however, the arrangement has been
changed, the standard uncertainty of the contribution is 3,00 dB.

AMBIENT SIGNALS
Background: Ambient signals are localised sources of radiated transmissions that can introduce uncertainty into the
results of atest made on an Open AreaTest Site and in unshielded Anechoic Chambersand Striplines.

Uj34 Ambient effect

This uncertainty contributes to test methods and verification procedures on Free Field Test Sitesand in
Striplines. It isthe uncertainty caused by local ambient signalsraising the noise floor of thereceiver at the
frequency of test.

How to evaluate for Free Fidld Test Sites

* Verification: Thevalues of the sandard uncertainties should be taken from table A.15.

Table A.15: Uncertainty contribution: Ambient effect

Receiving device noise floor Standard uncertainty of
(with signal generator OFF) is within: the contribution
3 dB of measurement 1,57 dB
3 dB - 6 dB of measurement 0,80 dB
6 dB - 10 dB of measurement 0,30 dB
10 dB - 20 dB of measurement 0,10dB
20 dB or more of the measurement 0,00 dB

* Test methods: The values of the standard uncertainties should be taken from table A.15.
How to evaluate for Striplines
* Verification: Thevalues of the sandard uncertainties should be taken from table A.15.

* Test methods. The values of the standard uncertainties should be taken from table A.15.

ETSI



124 ETSI TR 100 028-2 V1.3.1 (2001-03)

MISMATCH

Background: When two or more items of RF test equipment are connected together a degree of mismatch occurs.
Associated with this mismatch there is an uncertainty component as the precise interactions are unknown. Mismatch
uncertainties are calculated in the present document using S-parameters and full details of the method are given in

annex D. For our purposes the measurement set-up consists of components connected in series, i.e. cables, attenuators,
antennas, etc. and for each individual component in this chain, the attenuation and VSWRs must be known or assumed.
The exact values of the VSWRs (which in RF circuits are complex values) are usualy unknown at the precise frequency
of test although worst case values over an extended frequency band will be known. It isthese worst case values which
should be used in the cal culations. This approach will generaly cause the cal culated mismatch uncertainties to be worse
than they actually are.

Uj35

Mismatch: direct attenuation measurement

This uncertainty only contributes to verification procedures. It results from the interaction of the VSWRs of the
componentsin the direct attenuation measurement. The direct attenuation measurement refers to the arrangement
in which the signal generator isdirectly connected to the receiving device (via cables, attenuators and an adapter)
to obtain areference signal level. Seefigure A.4. Dueto |load variations (antennas replacing the adapter in the
second stage of the procedure) contributions are not identical in the two stages of the verification procedure.

Direct attenuation measurement

Signal Attenuator 1 | "In line" Attenuator 2 Receiving

generator \ ﬂ 10dB adapter 10 dB v device

cable 1 cable 2

ferrite beads ferrite beads

Figure A.4: Equipment set-up for the direct attenuation measurement

How to evaluate for Free Field Test Sites

» Verification: The magnitude of the uncertainty contribution due to the mismatch in the direct attenuation
measurement, is cal culated from the approach described in annex D.

» Test methods: N/A.

How to evaluate for Striplines

* Verification: The magnitude of the uncertainty contribution due to the mismatch in the direct attenuation
measurement, is cal culated from the approach described in annex D.

* Test methods: N/A.

Uj 36 Mismatch: transmitting part

This uncertainty contributes to test methods and verification procedures. The tranamitting part refers to the signal
generator, cable, attenuator and antenna set-up shown in figure A.5. This equipment configuration is used for:

the transmitting part of a Free Field Test Site verification procedure;

the transmitting part of a Stripline verification procedure (where the antennain the figureis replaced by the
Striplineinput);

the transmitting part of the substitution measurement in a tranamitter test method,;

the transmitting part when generating afield in areceiver tes method.
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Transmitting part

Signal cable Attenuator | |

generator v 10dB__ | ]

ferrite beads

Antenna )

Figure A.5: Equipment set-up for the transmitting part
How to evaluate for Free Field Test Sites

» Verification: The uncertainty contribution due to the mismatch in the transmitting part is calculated from the
approach described in annex D.

* Test methods: Asfor the verification.
How to evaluate for Striplines

» Verification: The uncertainty contribution due to the mismatch in the transmitting part is calculated from the
approach described in annex D.

* Test methods: Asfor the verification.

Uj 37 Mismatch: receiving part

This uncertainty contributes to test methods and verification procedures. The receiving part refers to the antenna,
attenuator, cable and receiving device set-up shown in figure A.6. This equipment configuration is used for:

- thereceving part of a Free Field Test Site verification procedure;

thereceiving part of a Stripline verification procedure (where the antennais a Monopole);

- thereceving part of the substitution measurement in a transmitter test method;

the receiving part when measuring the field in areceiver test method.

Receiving part

L [ Attenuator |_cable | Receiving
[ 10 dB N ﬂ device

ferrite beads

( Antenna

Figure A.6: Equipment set-up for the receiving part
How to evaluate for Free Field Test Sites

» Verification: The uncertainty contribution due to the mismatch in thereceiving part is calculated from the
approach described in annex D.

* Test methods. Asfor the verification.
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How to evaluate for Striplines

» Verification: The uncertainty contribution due to the mismatch in thereceiving part is calculated from the
approach described in annex D.

* Test methods: Asfor the verification.
SIGNAL GENERATOR
Background: Thesignal generator isused asthe transmitting source. There aretwo signal generator characteristics that

contribute to the expanded uncertainty of a measurement: absolute level and level stahility.

Uj 38 Signal generator: absolute output level

This uncertainty only contributes to test methods. It concerns the accuracy with which an absolute signal
generator level can be set.

How to evaluate for Free Field Test Sites
* Verification: The standard uncertainty is 0,00 dB.

* Test methods: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary.

How to evaluate for Striplines
* Verification: The standard uncertainty is 0,00 dB.
e Test methods:

- for caseswherethe field strength in a Stripline is determined from the results of the verification procedure,
the uncertainty is taken from the manufacturer's data sheet and converted into standard uncertainty if
necessary;,

- where an dectric field strength measurement is made in the Stripline this contribution is assumed to be zero.

Uj 39 Signal generator: output level stability
This uncertainty contributes to test methods and verification procedures. It concerns the stability of the output
level. In any test in which the contribution of the absolute level uncertainty of the signal generator contributesto
the combined standard uncertainty of thetest i.e. it does not cancel due to the methodol ogy, the contribution
from the output level stability is considered to have been included in the signal generator absolute output level,
Uig: Conversdly, for any level in which the absolute level uncertainty of the signa generator does not contribute
to the combined standard uncertainty, the output level stability of the signa generator should be included. The
standard uncertainty of the contribution due to the signal generator output level stability is designated throughout
all parts of ETR 273[12] as Uj3q. Its value can be derived from manufacturers’ data sheet.

How to evaluate for Free Fiedld Test Sites

* Verification: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary.

* Test methods: The standard uncertainty of the contribution due to the signal generator output level stability is
taken as 0,00 dB asit is covered by the absolute level uncertainty.

How to evaluate for Striplines

« Verification: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary.

e Test methods: The sandard uncertainty of the contribution due to the sgna generator output level stability is
taken as 0,00 dB asit is covered by the absolute level uncertainty.
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INSERTION LOSSES

Test equipment components such as attenuators, cables, adapters, etc. have insertion losses at a given frequency which
act as systematic offsets. Knowing the value of the insertion losses allows the results to be corrected by the offsets.
However, there are uncertainties associated with these insertion losses which are equivalent to the uncertainty of the
|oss measurements.

Uj 4() insertion loss: attenuator
This uncertainty only contributes to test methods.

How to evaluate for Free Fiedld Test Sites

* Verification: Thisvalueis0,00 dB.

* Test methods:

for the attenuator associated with the test antenna this uncertainty contribution is common to both stage one
and gtage two of the measurement. Consequently, this uncertainty contribution is assumed to be 0,00 dB due
to the methodol ogy.

for the attenuator associated with the substitution or measuring antenna this uncertainty contribution istaken
either from the manufacturer's data sheet or from the combined standard uncertainty figure of its
measurement.

How to evaluate for Striplines

* Verification: Thevaueis0,00 dB.

* Test methods:

Uj41

wherethefidd strength in a Striplineis determined from the results of the verification procedure, for the
attenuator associated with the Stripline input this uncertainty contribution is taken either from the
manufacturer's data sheet or from the combined standard uncertainty figure of its measurement;

where amonaopole or 3-axis probe is used to determine the field strength, for the attenuator associated with
the Stripline input this uncertainty contribution is assumed to be 0,00 dB due to the methodol ogy;

where amonaopole is used to determine the field strength, for the attenuator associated with the Monopole
antenna this uncertainty contribution istaken either from the manufacturer's data sheet or from the combined
standard uncertainty figure of its measurement.

Insertion loss: cable

This uncertainty only contributes to the test methods.

How to evaluate for Free Field Test Sites

* Verification: Thisvalueis0,00 dB.

* Test methods:

for the cable associated with the test antenna, this uncertainty contribution is common to both stage one and
stage two of the measurement. Consequently, it is assumed to be 0,00 dB due to the methodol ogy;

for the cable associated with the substitution or measuring antenna, this uncertainty contribution is taken
either from the manufacturer's data sheet or from the combined standard uncertainty figure of its
measurement.
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How to evaluate for Striplines
* Verification: Thisvalueis0,00 dB.
* Test methods:

- wherethefield strength in a Stripline is determined from the results of the verification procedure, for the
cable associated with the signal generator this uncertainty contribution is taken either from the manufacturer's
data sheet or from the combined standard uncertainty figure of its measurement;

- where amonopole or 3-axis probe is used to determine the field strength, for the cable associated with the
signal generator this uncertainty contribution is assumed to be 0,00 dB due to the methodol ogy;

- whereamonopoleis used to determine the field strength, for the cable associated with the monopol e antenna
this uncertainty contribution istaken either from the manufacturer's data sheet or from the combined standard
uncertainty figure of its measurement.

Uj 42 Insertion loss: adapter
This uncertainty only contributes to the verification procedures.

How to evaluate for Free Fiedld Test Sites

» Verification: Thisuncertainty contribution istaken either from the manufacturer's data sheet or from the
combined standard uncertainty figure of the loss measurement.

* Test methods: Not applicable.
How to evaluate for Striplines

* Verification: Thisuncertainty contribution istaken either from the manufacturer's data sheet or from the
combined standard uncertainty figure of the loss measurement.

* Test methods: Not applicable.

Uj 43 Insertion loss: antenna balun
This uncertainty contributes to test methods and verification procedures on Free Field Test Sites.

How to evaluate for FreeField Test Sites
» Verification: The standard uncertainty of the contribution is0,17 dB.
* Test methods: The standard uncertainty of the contribution is 0,17 dB.
How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
ANTENNAS
Background: Antennas are used to launch or receive radiated fields on Free Field Test Sites. They can contribute to

measurement uncertainty in several ways. For example, the uncertainty of the gain and/or antenna factor, the tuning, etc.

Uj 44 Antenna: antennafactor of the transmitting, receiving or measuring antenna

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty with which the antenna factor is known at the frequency of test.

How to evaluate for Free Fiedld Test Sites

« Verification: The antennafactor contributes only to theradiated part of this procedure. For ANSI dipoles the
value should be obtained from table A.16. For other antenna types the figures should be taken from
manufacturers data shests. If afigureisnot given the standard uncertainty is 1,0 dB.
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Table A.16: Uncertainty contribution: Antenna: antenna factor
of the transmitting, receiving or measuring antenna

Frequency Standard uncertainty of the
contribution
30 MHz < frequency < 80 MHz 1,73 dB
80 MHz < frequency < 180 MHz 0,60 dB
frequency > 180 MHz 0,30dB

» Test methods: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary. If no value is given the standard uncertainty is assumed to be 1,0 dB.

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: Not applicable.

Uj 45 Antenna: gain of the test or substitution antenna

This uncertainty only contributes to test methods on Free Field Test Sites. It isthe uncertainty with which the
gain of the antennais known at the frequency of test.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: For ANSI dipoles the value should be obtained from table A.17. For other antennatypes the

figures should be taken from manufacturers data sheets. If afigureisnot given the standard uncertainty is
1,0dB.

Table A.17: Uncertainty contribution: Antenna: gain of the test or substitution antenna

Frequency Standard uncertainty of the
contribution
30 MHz < frequency < 80 MHz 1,73dB
80 MHz < frequency < 180 MHz 0,60 dB
frequency > 180 MHz 0,30 dB

How to evaluate for Striplines
* Verification: Not applicable.

* Test methods: Not applicable.

Uj 46 Antenna: tuning

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty with which the lengths of the dipoles arms can be set for any test frequency.

How to evaluate for Free Field Test Sites
* Verification: The standard uncertainty is 0,06 dB.

* Test methods:

- inthetest antenna case the uncertainty is equal in both stages of the test method so it's contribution to the
uncertainty is assumed to be 0,00 dB;

- in the substitution/measuring antenna case, the standard uncertainty is 0,06 dB.
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How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
RECEIVING DEVICE

Background: Thereceiving device (a measuring receiver or spectrum analyser) is used to measure the received signal
levd either asan absolute level or asareference level. It can contribute uncertainty componentsin two ways. absolute
level accuracy and non-linearity. An alternative receiving device (a power measuring receiver) isused for the adjacent
channel power test method.

Uj 477 Receiving device: absolute level

This uncertainty contributes to test methods where the measurement of field strength isinvolved and the
verification procedures where arange change to the receiving device's input attenuator occurs between the two
stages of the procedure.

How to evaluate for Free Fiedld Test Sites

* Verification: The absolute level uncertainty isnot applicable in stage one but should be included in stage two if
the receiving device's input attenuator has been changed. This uncertainty contribution should be taken from the
manufacturer's data sheet and converted if necessary.

* Test methods: Only applicablein the dectric field strength measurement stage for areceiving equipment. This
uncertainty contribution should be taken from the manufacturer's data sheet and converted if necessary.

How to evaluate for Striplines

* Verification: The absolute level uncertainty is not applicable in stage one but may be included in stage two if
the receiving device's input attenuator has been changed. This uncertainty contribution should be taken from the
manufacturer's data sheet and converted if necessary.

* Test methods: Only applicablein the dectric field strength measurement stage for areceiving equipment. This
uncertainty contribution should be taken from the manufacturer's data sheet and converted if necessary.
Uj 48 Receiving device: linearity
This uncertainty only contributes to the verification procedures.

How to evaluate for Free Fiedld Test Sites

» Verification: If thereceiving devices input attenuator has been changed the valueis 0,00 dB. If not, the value
should be cal culated from the manufacturer's data sheet e.g.: alevel variation of 62 dB gives an uncertainty of
0,62 dB at alinearity of 0,1 dB/10 dB. The uncertainty should be converted into standard uncertainty, assuming
arectangular distribution in logs.

* Test methods: Not applicable.
How to evaluate for Striplines

» Verification: If thereceiving devices input attenuator has been changed the valueis 0,00 dB. If not, the value
should be cal culated from the manufacturer's data sheet e.g.: alevel variation of 62 dB gives an uncertainty of
0,62 dB at alinearity of 0,1 dB/10 dB. The uncertainty should be converted into standard uncertainty, assuming
arectangular distribution in logs.

» Test methods: Not applicable.
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Uj 49 Receiving device: power measuring receiver

Thisuncertainty only contributes to the transmitter adjacent channel power test method. There are three types of
power measuring receiver, they are:

- an adjacent channd power meter;
- aspectrum analyser;
- ameasuring receiver with digital filters.
How to evaluate for Free Field Test Sites
* Verification: Not applicable.
* Test methods: Contributions are the same as for the conducted case, see ETR 028 [16].
How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
EQUIPMENT UNDER TEST
Background: Thereare uncertainties associated with the EUT due to the following reasons
- temperature effects: thisisthe uncertainty caused by the uncertainty in the ambient temperature;

- degradation measurement: this contribution is a RF level uncertainty associated with the uncertainty of
measuring, 20 dB SINAD, 107 hit stream or 80 % message acceptance ratio;

- power supply effects. Tisisthe uncertainty caused by the uncertainty in the power supply voltage;

- mutual coupling to its power leads.

Uj 50 EUT: influence of the ambient temperature on the ERP of the carrier

This uncertainty only contributes to the ERP test method. It is the uncertainty in the ERP of the carrier caused by
the uncertainty in knowing the ambient temperature.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [16]: part 2: annex C: table C.1: "EUT dependency
functions and uncertainties') whose mean value is 4 %/°C and whose standard deviation is 1,2 %/°C. The
standard uncertainty of the ERP of the carrier caused by this ambient temperature uncertainty should be
calculated using formula (5.3) of ETR 028 [16] and then converted to dB.

For example, an ambient temperature uncertainty of +1°C, resultsin the standard uncertainty of the ERP of the
carrier of:

o2
\/(%) X ((4,0%/ °C )2+ (1,2%/ °C )?) = 2,41 %, transformed to dB: 2,41/23,0 = 0,1 dB

How to evaluate for Striplines
* Verification: Not applicable.
« Test methods: Not applicable
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Uj 5] EUT: influence of the ambient temperature on the spurious emission level

This uncertainty contribution only applies to the test methods on Free Field Test Sites. It is the uncertainty in the
power level of the spurious emission caused by the uncertainty in knowing the ambient temperature.

How to evaluate for Free Fidd Test Sites
* Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [16]: part 2: annex C: table C.1: "EUT dependency
functions and uncertainties') whose mean value is 4 %/°C and whose standard deviation is 1,2 %/°C. The
standard uncertainty of the spurious emission level caused by this ambient temperature uncertainty should be
calculated using formula (5.3) of ETR 028 [16] and then converted to dB.

» For example, an ambient temperature uncertainty of £1°C, resultsin the standard uncertainty of the spurious
emission level of:

o2
\/(%) X ((4,0%/ °C )2+ (1,2%/ °C )?) = 2,41 %, transformed to dB: 2,41/23,0 = 0,1 dB

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 52 EUT: degradation measurement

This uncertainty only contributes to receiver test methods and is the resulting RF level uncertainty associated
with the uncertainty of measuring 20 dB SINAD, 1072 it stream or 80 % message acceptance ratio.

How to evaluate for Free Field Test Sites

* Verification: Not applicable.

* Test methods: The magnitude can be obtained from ETR 028 [16].
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: The magnitude can be obtained from ETR 028 [16].

Uj 53 EUT: influence of setting the power supply on the ERP of the carrier
This uncertainty only applies to the effective radiated power test method and is caused by the uncertainty in
setting the power supply level.
How to evaluate for Free Field Test Sites
* Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [16]: part 2: annex C: table C.1: "EUT dependency
functions and uncertainties") whose mean value is 10 %/V and whose standard deviation is 3 %/V. The standard
uncertainty of the ERP of the carrier caused by power supply voltage uncertainty should be cal culated using
formula (5.3) of ETR 028 [16] and then converted to dB.
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» For example, a supply voltage uncertainty of £100 mV results in the standard uncertainty of the ERP of the
carrier of:

2
\/(0’1% X((10%/V )2+ (3%/V )?) = 0,60% , transformed to dB: 0,60/23,0 = 0,03 dB

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 54 EUT: influence of setting the power supply on the spurious emission level

This uncertainty only applies to the spurious emissions test method and is caused by the uncertainty in setting the
power supply level.

How to evaluate for Free Field Test Sites
* Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [16]: part 2: annex C: table C.1: "EUT dependency
functions and uncertainties") whose mean value is 10 %/V and whose standard deviation is 3 %/V. The standard
uncertainty of the spurious emission level caused by power supply voltage uncertainty should be calculated using
formula (2) of ETR 028 [16] and then converted to dB.

» For example, a supply voltage uncertainty of £100 mV results in the standard uncertainty of the spurious
emission level of:

2
\/(0’1% X((10%/V )2+ 3%V )?) = 0,06 %, transformed to dB: 0,60/23,0 = 0,03 dB

How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 55 EUT: mutual coupling to the power leads

Thisuncertainty only contributes to test methods. It is the uncertainty which results from interaction (reflections,
paradtic effects, etc.) between the EUT and the power |eads.

How to evaluate for Free Fiedld Test Sites
* Verification: Not applicable.

* Test methods: The standard uncertainty is 0,5 dB provided that the precautions detailed in the methods have
been observed. i.e. routing and dressing of cables with ferrites. If the precautions have not been observed the
standard uncertainty is 2,0 dB.

How to evaluate for Striplines
e Verification: Not applicable.

* Test methods: The sandard uncertainty is 0,5 dB provided that the precautions detailed in the methods have
been observed. i.e. routing and dressing of cables with ferrites. If the precautions have not been observed the
standard uncertainty is 2,0 dB.
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FREQUENCY COUNTER

Uj 56 Frequency counter: absolute reading

This uncertainty only contributes to frequency error test methods performed using a frequency counter. It isthe
uncertainty of frequency measurement.

How to evaluate for Free Field Test Sites

* Verification: Not applicable.

* Test methods: The uncertainty of frequency measurement is taken from the manufacturer's data shest.
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: Not applicable.

Uj 57 Frequency counter: estimating the average reading

Thisuncertainty only contributes to frequency error test methods performed using a frequency counter. It isthe
uncertainty with which the average frequency can be estimated.

How to evaluate for Free Fied Test Sites

* Verification: Not applicable.

* Test methods: The standard uncertainty should be taken as 0,33 x (highest frequency - lowest frequency)/2.
How to evaluate for Striplines

* Verification: Not applicable.

* Test methods: The standard uncertainty should be taken as 0,33 x (highest frequency - lowest frequency)/2.
SALTY MANAND SALTY-LITE

Background: The human body has a significant effect on the eectrical performance of a body worn EUT. For test
purposes the artificial human body should simulate the average human body. Two main types of artificial human bodies
are used in testing: Salty man and Salty-lite.

Uj 58 Salty man/Salty-lite: human simulation

This uncertainty only contributes to test methods on Free Field Test Sites. It isthe uncertainty which resultsfrom
the differences between the average human being and the artificial one used.

How to evaluate for Free Fiedld Test Sites
* Verification: Not applicable.

* Test methods: The standard uncertainty should be taken from table A.18.

Table A.18: Uncertainty contribution: Salty man/Salty-lite: human simulation

In an Anechoic Chamber the standard uncertainties are:
Salty man: 30 MHz to 150 MHz is 0,58 dB Salty man: 150 MHz to 1 000 MHz is 1,73 dB
Salty lite: 100 MHz to 150 MHz is 1,73 dB Salty lite: 150 MHz to 1 000 MHz is 0,58 dB
On an Open Area Test Site or in an Anechoic Chamber with a ground plane:
Salty man: 30 MHz to 150 MHz is 0,58 dB Salty man: 150 MHz to 1 000 MHz is 1,73 dB
Salty lite: 70 MHz to 150 MHz is 1,73 dB Salty lite: 150 MHz to 1 000 MHz is 0,58 dB
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How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.

Uj 5Q  Salty man/Salty-lite: field enhancement and de-tuning of the EUT

This uncertainty only contributes to test methods on Free Field Test Sites. It isthe uncertainty associated with
the variation of the enhanced magnetic field effect produced by the body and the de-tuning of the circuitry of the
EUT with spacing away from the outer surface of the salty body.

How to evaluate for Free Fidld Test Sites
* Verification: Not applicable.
* Test methods: The sandard uncertainty of this effect is estimated as 1,00 dB.
How to evaluate for Striplines
* Verification: Not applicable.
* Test methods: Not applicable.
TEST FIXTURE
Background: A test fixtureisatype of test site which enables the performance of an integral antenna EUT to be

measured at extreme conditions.

Uj 60 Test Fixture: effect on the EUT

Sinceit is proven on the accredited test site that the test fixture does not have an adverse effect on the EUT
(e.g. morethan a0,5 dB change in the received level), it is assumed that the maximum uncertainty introduced by
the presence of thetest fixtureis +0,5 dB. The corresponding standard uncertainty is 0,29 dB.

UjG1 Test Fixture: dlimatic facility effect on the EUT

Since it is proven that the climatic facility does not have an adverse effect on the EUT (e.g. morethan a0,5 dB
change in thereceived leve), it is assumed that the maximum uncertainty introduced by the presence of the test
fixtureis 0,5 dB. The corresponding standard uncertainty is 0,29 dB.

RANDOM UNCERTAINTY

Uj01 Random uncertainty

Thisuncertainty contributesto all radiated tests. It is the estimated effect that randomness has on the final result
of ameasurement.

How to evaluate for Free Fiedld Test Sites

* Verification: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

* Test methods: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

How to evaluate for Striplines

* Verification: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

e Test methods: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

ETSI



136

Table A.19: Mutual coupling and mismatch loss correction factors (Anechoic Chamber)

Table A.20: Mutual coupling and mismatch loss correction factors

Frequency Range length Frequency Range length
(MHz) 3m (MHz) 10 m
30 27,1 30 25,8
35 24,3 35 23,3
40 21,7 40 20,8
45 19,0 45 18,2
50 16,1 50 15,4
60 9,7 60 9,1
70 2,2 70 1,7
80 0,7 80 0,2
90 0,6 90 0,1
100 0,6 100 0,1
120 0,3 120 0,1
140 0,4 140 0,1
160 0,3 160 0,2
180 0,2 180 0,1

(over a ground plane)

Horizontal Vertical
polarisation polarisation

Freq. Freq.

(MHz) 3m 10 m (MHz) 3m 10 m
30 27,6 26,0 30 25,2 25,4
35 24,6 23,3 35 22,4 22,9
40 21,8 20,7 40 19,8 20,4
45 19,0 18,1 45 17,2 17,9
50 16,0 15,1 50 14,4 15,1
60 9,5 8,9 60 8,5 9,2
70 24 2,8 70 1,6 25
80 0,6 0,8 80 0,0 0,4
90 0,2 0,4 90 -0,2 0,1
100 -0,3 0,0 100 -0,6 0,0
120 -2,3 -1,2 120 -0,6 0,0
140 -1,0 -0,7 140 1,1 -0,1
160 -0,3 0,3 160 0,7 0,0
180 -0,3 0,3 180 0,3 0,0

Table A.21: Summary table of all contributions (numerical sort)

Description
U1 reflectivity of absorbing material: EUT to the test antenna
Uo2 reflectivity of absorbing material: substitution or measuring antenna to the test antenna
Uo3 reflectivity of absorbing material: transmitting antenna to the receiving antenna
Uos Mutual coupling: EUT to its images in the absorbing material
Ujos mutual coupling: de-tuning effect of the absorbing material on the EUT
Uos mutual coupling: substitution, measuring or test antenna to its image in the absorbing material
Uo7 mutual coupling: transmitting or receiving antenna to its image in the absorbing material
Ujog mutual coupling: amplitude effect of the test antenna on the EUT
Ujog mutual coupling: de-tuning effect of the test antenna on the EUT
Ui1o mutual coupling: transmitting antenna to the receiving antenna
Uj1q mutual coupling: substitution or measuring antenna to the test antenna
Uj1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
U3 mutual coupling: EUT to its image in the ground plane
Uiig mutual coupling: substitution, measuring or test antenna to its image in the ground plane
U5 mutual coupling: transmitting or receiving antenna to its image in the ground plane
u range length

i16
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Description

U7 correction: off boresight angle in the elevation plane

Uqg | correction: measurement distance

Ujo | cable factor

Uioo position of the phase centre: within the EUT volume

Uiy positioning of the phase centre: within the EUT over the axis of rotation of the turntable

Uioo position of the phase centre: measuring, substitution, receiving, transmitting or test antenna

Uog position of the phase centre: LPDA

Uiog Stripline: mutual coupling of the EUT to its images in the plates

Uos Stripline: mutual coupling of the 3-axis probe to its image in the plates

Uy | Stripline: characteristic impedance

Uo7 Stripline: non-planar nature of the field distribution

Ujog Stripline: field strength measurement as determined by the 3-axis probe

Uiog Stripline: transfer factor

Uizo Stripline: interpolation of values for the transfer factor

Uiz Stripline: antenna factor of the monopole

Uizo Stripline: correction factor for the size of the EUT

Uiag Stripline: influence of site effects

Ugs | am bient effect

Uiss mismatch: direct attenuation measurement

Uizg mismatch: transmitting part

Uj3; | mismatch: receiving part

Uisg signal generator: absolute output level

Uizg signal generator: output level stability

Uao insertion loss: attenuator

Ugq insertion loss: cable

a2 insertion loss: adapter

Ua3 insertion loss: antenna balun

U, | antenna: antenna factor of the transmitting, receiving or measuring antenna

U,s | antenna: gain of the test or substitution antenna

Uje | antenna: tuning

Ujs7 receiving device: absolute level

48 receiving device: linearity

49 receiving device: power measuring receiver

Ugo | EUT: influence of the ambient temperature on the ERP of the carrier

Ug; | EUT: influence of the ambient temperature on the spurious emission level

s, | EUT: degradation measurement

53 | EUT: influence of setting the power supply on the ERP of the carrier

54 | EUT: influence of setting the power supply on the spurious emission level

Ugs | EUT: mutual coupling to the power leads

Usg frequency counter: absolute reading

Us7 frequency counter: estimating the average reading

Usg Salty man/Salty-lite: human simulation

Usg Salty man/Salty-lite: field enhancement and de-tuning of the EUT

Test Fixture: effect on the EUT

j60
Ug, | Test Fixture: climatic facility effect on the EUT
Up; | random
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Table A.22: Summary table of all contributions (alphabetical sort)

Description

Ugs | @m bient effect

Uy, | antenna: antenna factor of the transmitting, receiving or measuring antenna

Uiss antenna: gain of the test or substitution antenna

uj46 antenna: tuning

g9 | cable factor

Uqg | correction: measurement distance

U7 correction: off boresight angle in the elevation plane

Us3 EUT: influence of setting the power supply on the ERP of the carrier

Ugs | EUT: influence of setting the power supply on the spurious emission level

Uiso EUT: influence of the ambient temperature on the ERP of the carrier

Ug, | EUT: influence of the ambient temperature on the spurious emission level

Us, | EUT: degradation measurement

Uiss EUT: mutual coupling to the power leads

Uise frequency counter: absolute reading

Us7 frequency counter: estimating the average reading

Uigo insertion loss: adapter

Ua3 insertion loss: antenna balun

Uiao insertion loss: attenuator

Uaq insertion loss: cable

Uizs mismatch: direct attenuation measurement

Uj3; | mismatch: receiving part

Uizg mismatch: transmitting part

Uos Mutual coupling: EUT to its images in the absorbing material

Ujog mutual coupling: amplitude effect of the test antenna on the EUT

05 mutual coupling: de-tuning effect of the absorbing material on the EUT

Ujog mutual coupling: de-tuning effect of the test antenna on the EUT

U3 mutual coupling: EUT to its image in the ground plane

Uj1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

Ujgq mutual coupling: substitution or measuring antenna to the test antenna

Uos mutual coupling: substitution, measuring or test antenna to its image in the absorbing material

14 mutual coupling: substitution, measuring or test antenna to its image in the ground plane

Uiio mutual coupling: transmitting antenna to the receiving antenna

Uo7 mutual coupling: transmitting or receiving antenna to its image in the absorbing material

U5 mutual coupling: transmitting or receiving antenna to its image in the ground plane

Upg position of the phase centre: LPDA

Upp position of the phase centre: measuring, substitution, receiving, transmitting or test antenna

20 position of the phase centre: within the EUT volume

Upq positioning of the phase centre: within the EUT over the axis of rotation of the turntable

o1 | random

U | range length

Ujs7 receiving device: absolute level

U,g | receiving device: linearity

49 receiving device: power measuring receiver

U1 reflectivity of absorbing material: EUT to the test antenna

Ujo2 reflectivity of absorbing material: substitution or measuring antenna to the test antenna

Ujo3 reflectivity of absorbing material: transmitting antenna to the receiving antenna

Uisg Salty man/Salty-lite: field enhancement and de-tuning of the EUT

Usg Salty man/Salty-lite: human simulation

38 signal generator: absolute output level
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Description

Uizg signal generator: output level stability

Uiz Stripline: antenna factor of the monopole

Uiog Stripline: characteristic impedance

Uizo Stripline: correction factor for the size of the EUT

Upg | Stripline: field strength measurement as determined by the 3-axis probe

Uiag Stripline: influence of site effects

Uizo Stripline: interpolation of values for the transfer factor

Uos Stripline: mutual coupling of the 3-axis probe to its image in the plates

Uiog Stripline: mutual coupling of the EUT to its images in the plates

Uo7 Stripline: non-planar nature of the field distribution

Uiog Stripline: transfer factor

Uiy Test Fixture: climatic facility effect on the EUT

Uigo Test Fixture: effect on the EUT
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Figure A.7: Signal attenuation with increasing elevation offset angle
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Figure A.8: Signal attenuation for antenna height on mast
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Annex B:
Maximum accumulated measurement uncertainty

The accumulated measurement uncertainties of the test system in use for the parameters to be measured should not
exceed those given in table B.1. Thisisin order to ensure that the measurements remain within an acceptable quality.

Table B.1: Recommended maximum acceptable uncertainties

RF frequency (see note 1)

+1 x 107 (see note 2)

RF power (valid to 100 W) (see note 1)

+0,75 dB (see note 2)

Maximum frequency deviation
- within 300 Hz and 6 kHz of audio frequency (see note 1)
- within 6 kHz and 25 kHz of audio frequency (see note 1)

+5 % (see note 2)
+3 dB (see note 2)

Deviation limitation (see note 1)

+5 % (see note 2)

Audio frequency response of transmitters (see note 1)

+0,5 dB (see note 2)

Adjacent channel power (see note 1)

+3 dB (see note 2)

Conducted emissions of transmitters (see note 1)

+4 dB (see note 2)

Transmitter distortion (see note 1)

+2 % (see note 2)

Transmitter residual modulation (see note 1)

+2 dB (see note 2)

Audio output power (see note 1)

10,5 dB (see note 2)

Audio frequency response of receivers (see note 1)

+1 dB (see note 2)

Amplitude characteristics of receiver limiter (see note 1)

+1,5 dB (see note 2)

Hum and noise (see note 1)

+2 dB (see note 2)

Receiver distortion (see note 1)

+2 % (see note 2)

Sensitivity (see note 1)

+3 dB (see note 2)

Conducted emissions of receivers (see note 1)

+4 dB (see note 2)

Two-signal measurements (stop band) (see note 1)

+4 dB (see note 2)

Three-signal measurements (see note 1)

+3 dB (see note 2)

Radiated emissions of transmitters (see note 1)

+6 dB (see note 2)

Radiated emissions of receivers (see note 1)

+6 dB (see note 2)

Transmitter attack and release time (see note 1)

+4 ms (see note 2)

Transmitter transient frequency (see note 1)

+250 Hz (see note 2)

Transmitter intermodulation (see note 1)

+5 dB (see note 2)

Receiver desensitization (duplex operation) (see note 1)

+0,5 dB (see note 2)

NOTE 1: Test methods according to relevant deliverables.

NOTE 2: The uncertainty figures are valid for a confidence level of 95 %.
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Annex C:
Interpretation of the measurement results

Theinterpretation of theresults recorded in atest report for the measurements described in the sandard should be as
follows:

1) the measurement valuere ated to the corresponding limit should be used to decide whether an equipment meets
the requirements of the relevant standards;

2) the measurement uncertainty value for the measurement of each parameter should be included in the test reports;

3) therecorded value for the measurement uncertainty should be, for each measurement, equd to or lower than the
figures in the appropriate table of "maximum acceptable measurement uncertainties’ of the appropriate standard.

NOTE: Thisprocedureisusualy referred to as "the shared risk approach” and is recommended unless superseded
by an appropriate publication of ETSI.

Clause D.5.6.2.7.3 shows the way in which double sided limits (e.g. limits stated as "2 W + 1,5 dB") have been handled
in ETSI standards, when the tolerance (e.g. +1,5 dB) is smaller than the maximum acceptable measurement uncertainty
for that measurement (e.g. +6 dB).
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Annex D:

Theoretical support for the evaluation of measurement
uncertainties, including mathematical tools and properties of
distributions

This annex of the present document provides theoretical support for the handling of measurement uncertainties; more
precisaly, the methods proposed here are based on the usage of random variables (and combinations thereof).

The am of annex D is, therefore, in particular:

- to provide guidance on how to use random variables in support of the evaluation of measurement uncertainties
(and atheoreticd justification for expressions found e.g. in TR 100 028-1 [17] clauses 4 and 5);

- to provide methods to handle and to combine random variables.

Annex D offers atheoretical background, as complete (self-contained) as practical, in the line of clauses 4 and 5 of
TR 100 028-1 [17] of the present document. However, it is expected that the reader is familiar with the definitions and
concepts dealt with in clause 4 of TR 100 028-1 [17], and therefore such concepts are not defined again in the present
annex.

In thefollowing clauses, thereader will also have a chance to get more familiar with:
- anumber of definitions and with the properties of some usud distributions;

- theresult of the combination of random variables and how to use all these toolsin order to better evaluate the
uncertaintiesrelating to a particular test set up.

The present annex has evolved in time, and includes contributions from various authors. This may have led to the use of
symbols slightly different, according with the targets sought. These specificities have been kept, in order to allow for
the internal consistency between certain pieces of text.

Different methods may also have been used (some being more genera or theoretical than others); they allow the reader
to get familiar with different approaches and techniques. Sometimes similar results may have been obtained by different
methods ... which also helps cross-checking the expressions given.

D.1  Probability densities and some of their properties

D.1.1 Introduction

A random variable X is defined as a variable which takes any value x of a continuum of values at a particular instant in
time. It isusual to characterize arandom variable X by its probability density function p(x):

Ox p(x)=0

(where, [IX ... meansfor any X ).

D.1.2 Definitions

The probability P of the value x of the random variable X lying between x; and X, is provided by the probability density
function, p (x), asfollows:

P= XIZ p(x)dx
Xy
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Since x must have itsvaluein therange -co to + oo, and p (X) is the corresponding distribution:

+00

[ pogdx =1
Conversdly, P =0 can be understood as the probability of an event that would not occur, and P =1 can be understood
as the probahility of an event that should certainly occur.
Small contributions

In many clauses of thisannex, for examplein clause D.3, p (x) (also noted asf (x)) is used in relation to small
contributions.

In this case, the probability Py of the random variable F having avalue x such that:
X5
X1 <X<Xzis Py = I f(x)dx.
%

Similarly, we can consider:

X

P, (x) = j f(t) dt,

and therefore (by differentiation):
dP; =f (x) dx.
Note concer ning signs

It is aso to be noted that, according to the usua conventions (see above), p (x) and P are always positive, while,
according to the conventions used with integrals:

P= f p(x)dx = —Il p(x)dx.

X X2

As aresult, when writing:

X5
P = I f(X)dx, one hasto make surethat x; < x,.
%

Should we have x; > X, then the integration limits have to be inverted... or absolute values have to be used.

Thishas a direct effect on calculations such asthose found in clauses D.3, for examplein clause D.3.2 (i.e. discussions
concerning the signs).

M ean value (or 1% moment)

The mean of arandom variable X defined by its probability density function p is given by:
+00
X, = Ix p(x) dx
the term X, has been used, in particular, in annex E. However, at alater stage, in the present annex, the mean value of
random variable X has also been called m, or m.

Themeanisaso called 1% moment.

For further proposal's concerning notation, please see also clause D.10.6.
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Second moment

The second moment of a probability density function p(x) about the originis:
+00
X2 = Ixzp(x) dx

and x?, is called sometimes the mean square value.
The expression " X" has been used, in particular, in annex E.

However, at alater stage, in the present annex, the second moment corresponding to random variable X has often been
referred to ass2 or s¢2

Variance

It isusual to take the 2"d moment about the mean as a measure of dispersion. Thisis often termed the variance (6°) of
the probability density function, hence:

0* = [ (- x,)° pe9

Standard deviation

In the present document, g'is often called "standard deviation”, and to show it relatesto X, it has been written as o or
Ox.

Relations between some of these properties

Using my, S, and g the previous expression can be written as

0, = [(x-m)? p(x)dx = [x* p(x) dx - [2xm, p(x) dx + [m* p(x) dx

o’ = Ixz p(x) dx+2mXJ'X p(x) dx + mxzf p(x) dx

and therefore:
G 2=57-2 my my+ mea
Finally we get:
G2 =52 - M
An expression which will be used quite often in the present annex.
Notations

In documentation relating to the theory of probabilities, where only one probability density is addressed at thetime, it
can be handy to use notations such as p (x). However, when discussing uncertainties, where a significant number of
physical parameters are handled simultaneously, it can be practical to use notations linking in an obvious manner, these
physical parameterswith corresponding random variables (i.e. mapping), in which case notations such as those
proposed in clause D.3.10.6 may seem more convenient.
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D.1.3 Means and standard deviations of usual distributions
The term distributions has been used in this clause instead of probability density.

In many of the following drawings the mean value of the distributions shown is 0. However, this has no effect on the
value of the standard deviations.

D.1.3.1 Rectangular distributions

A

p(x) 1 1

2A XUOF A+ Al - X)= ——
FArAI- PE) =

X > XD[— A+ A]—> p(X): 0

-A +A
In the exampl e above, the mean valueis O (but a rectangular distribution could, as well, be centred around some other

value C: in which case, the mean value would have been C).

A
The standard deviation is ﬁ (independent of the mean value...):

A 37 A 2
Uzzszidxzix_ :i[A3—(—A)3]:A_
J72A7 T 2A 3|4 6A 3

In the case wherethe mean is C and not O, in theinterval (C - A) to (C + A), x occurs with equal probability,
i.e. p(x) = 1/(2A). In thisannex, thisinterval has some times been called "spread” or "foot print".

Example of usage of rectangular distributions: unknown systematic error distributions are assumed, in the present
document, to be rectangularly distributed.

Power ranges (e.g. expressed in dBs) provide good examples of rectangular distributions centred around non-zero
values (C non zero).

D.1.3.2 Triangular distributions

Triangular distributions can be found as the result of additive combinations of identical triangular distributions.

The additive combination of two random variables generates, as shown in clause D.3.3, arandom variable having a
probability density equal to:

h(z)= Ig(z— X) f(X)dx, whereg (y) and f (x) are the original probability densities.

D.1.3.2.1 Additive combination of two rectangular distributions having the same spread

In the special case, where the distributions f and g are rectangular distributions, corresponding to the same parameter A
(seethe definition in clause D.1.3.1), it can be interesting to track the values of x andy = z - x, corresponding to where
there are discontinuities in the definition of the probability densities... asaresult, h (2) can be split as follows:

- whenz<-A-A=-2A thenboth gandf =0for al values of x and, therefore, h (2) = 0;
- whenz>A+A=2A thenboth gandf =0for al values of x and, therefore, h (2) = 0;
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- when zisnegative and greater than -2A, the zone to be integrated is shopped between the intervals:
- whereeither f or g are equal to zero:
z+A

1
h2)= | = L o X| 2= z+A+A) =
@= | 2n2a =l e )

(z+2A);

A2

- when zispositive and smaller than 2A, the zone to be integrated is al so shopped between the intervals

- whereeither f or g are equal to zero:

+A
11 1
h(z)= | = —dx =——[x A=—+
() Z_Azczc 4Q2[]ZA 4&2

- when z iszero, the zoneto be integrated is common to f and g:

n0)= [ Lo =L [ A=t (A+ )=

1
2A) = —:
<4 2A 2A 4A2 4A? (2A) 2A

4N
thisvalueis, in fact common to both expressions found above when z=> 0.

Thefinal result is, therefore, atriangular distribution spreading between -2A and +2A, with amaximum value of 1/2A
(the same as the value corresponding to the original rectangular distributions).

Theresult of the combination is, therefore, a distribution "smoothed”. Should the original distributions be different, the
same "smoothing" mechanism would be observed (see also the clause D.1.3.3.1 on trapezoidal digtributions).

In the above example, centred distributions have been used. Should there have been an offset, the triangular distribution
would have had an offset equal to the sum of both offsets (as shown in clause D.3.3).

Examples of additive combination of rectangular distributions are also provided in clause D.3.3.5.2.

D.1.3.2.2 Properties of triangular distributions

Assume atriangular distribution spreading from -A to +A with amaximum of 1/A (note a change in the definition of A
in relation to that found in clause D.1.3.2.1).

The mean valueis O (for distribution symmetrical around they'y axis); atriangular distribution could, aswell, be
centred around some other value C: in which case, the mean value would have been C.

The calculation of the variance shows a method which can be used extensively:

1/A
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VA y=mx+c
A 0 izm*0+1
A
o:m(—A)+lA
Dm:%
Dy:%x+%

0
o= Ix{%+%}dx :i{x%} ° +£{X—3}_OA:i 0—(—A)4]+3LA[0—(—A)3]
A

A? A Al 3 472
B A2 ~ A2 B A2
3 4 12

Finally, noting that the distribution is symmetrical:
- reapplying this method for the other part, gives the same result. Hence, for both parts:

,  2A
12
A

0’:_
6

D.1.3.3 Trapezoidal distributions

D.1.3.3.1 Symmetrical trapezoidal distributions

Triangular distributions may be found as the result of the additive combination of two identical rectangular
distributions.

The additive combination of two distributionswith a different spread (different parameters"A" with "B" <"A"), under
similar assumptions would result in atrapezoidal distribution:

T

Combining rectangular distributions
(spreads A and B symmetrical around zero)
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The discontinuities in the s ope correspond to:
- 4 points -A-B -A+B +A -B +A + B;
and the corresponding spread (“foot print") is
- from -A-B to +A + B.
In the above drawing, the rectangle in yellow colour corresponds to the original distribution of parameter A.

Asaresult, it is clear that rectangular distributions ARE NOT STABLE in relation to additive combinations (it is shown
in clause D.3.3.5.1.1 that normal distributions (Gaussian) are).

The properties of trapezoidal distributions corresponding to an additive combination can be easily found using the
general properties given in clause D.3.3.3:

- the mean valueisthe sum of the means of the origina distributions (zero in the drawing above);

- the sguare of the standard deviation is the sum of the squares of the origina standard deviations (RSSing).
These two properties are valid as well when the original distributions are not centred, as it could have been shown also
by direct calculations...

D.1.3.3.2 Non symmetrical trapezoidal distributions

Such distributions may be found as theresult of very simple operations on distributions (e.g. results corresponding to
inverse functions (see clause D.3.7), results of the linearisation of the result of transforms operated on distributions such
as the conversion into dBs and vice-versa).

Seeclause D.3.8.4.2.4.
Many other distributions presented in this clause are symmetrical around some axis ... Thisisnot the case herel

As shown on thedrawing, p(x) = 0 outside [A, B].

—»
A B

See dlso other clausesin D.3.8 and annex E.

When such distributions are obtained as the result of some operation, the properties of the mean and standard deviation
can be found using the genera properties found in the various clauses of clause D.3 (eg. clause D.3.3 in the case of
additive combinations).

The values of the first moments can &l so be evaluated directly, using the definitions found in clause D.1.2 (similar
cal culations have been performed anumber of timesin clause D.3).
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D.1.3.4 Gaussian distributions

A
p(x)

P = 12” (- 55)

< Ny,
N 7
- (o)

0 +

Mean value = 0O (in the case of the figure above); Standard deviation = o.

A moregenera expression is.

1
e
ov\2m

y:

for Gaussian Curves symmetrical around C, in which casethe Mean valueis C.

Thenorma (or Gaussian) distribution is stablein respect to additive combinations (see clause D.3.3.5.1.1)... and the
additive combination of an infinity of identical rectangular distributions conver gesinto the normal distribution.

This property is used extensively in clause D.5.6.2.

In order to identify the correct coefficients for the equation corresponding to this distribution, let us start from agenerd
form:

and then write two basic properties:

1= I Ae ¥ dx (property of any probability density)

—00

+o00

o’ = IXZ Ae ® dx (by definition, in the case when the curve is centred and the mean is 0).

—00

Thefirg integral can be calculated as follows:
+00 +00
I Ae % dx = I Ae” dy=S,and S=1...

Therefore:

s? :T Ae ¢ dx T Ae_ByzdyZT T Ae Ae B dx dy:T T A2 BOC+Y) gy dy

which can be written in polar co-ordinates:

s =A[ [ e®pdpdf with-TT< 0 <+ T and0< p <o,

- 0

S? = AZI e pdp I dg=2r AZI e pdp= 2 Al ,
0 -7 0
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e'B"Z] oe= [;—éj[o - eo] = [;—éj :

S?= 271 A°| :2nA2i:nA23:1
2B B

where:

+o00 B ) _1
| =| e®pdp = [—]
I 25

Asaresult:

+00
B2 1
and: 77 A? = B, while noting that I e®dx===_|",
J A \B

The expression:
+00
—Bx? 1 Y/ . .
I e dx=-—=_,|— isused again later (in clause D.3.3.5.1.1).
s A B
The second integral can then be used to provide the relation between A, B and O :

+00
_py?
o’ = Isze B dx

Integrating by parts:
Iudvz [uv] - Ivdu
let uscall:
dv = xe ™ dx
u=X
We then have:

V= [__1je_ BxX®
2B

du = dx andfinally:

+i

%2 = f udv = [uv] =~ T vdu = {x[;—l]e‘sxz}i: - T [;—éje‘sxz dx=0+ T (2—1Bje‘BXZ dx

2 +o00
U_:ij'e—Bde:i
A 2B- 2BA
and 0 =— or B= 12.
20
Knowing that: 77 A = B, A:\/E: 12 = 1
T 20°T o2
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The expression of the normal distribution is, therefore:

XZ

1
o\ 2T

e 20’2

It isinteresting to perform this calculation in detail here, sincein one way or another, similar types of calculation will be
found over and over as soon asnormal probability densities are handled.

The drawing and the subsequent cal culations addressed the case where the distribution is centred.

Like rectangular distributions, normal distributions may have some offset, in which case the mean isnot zero (i.e. equa
to the offset value).

D.1.3.5 Oblique pseudo-Gaussian distributions

Such non-symmetric distributions can be obtained as theresult of transformations on Gaussian distributions... e.g. in
(approximations of) transformations from dBsto linear (or vice versa): see clause D.3.8.

As shown in clause D.5.6.2, the shape of a distribution has a direct effect on the relation between "expansion factors'
and "confidence levels'.

D.1.3.6 "U" shaped distributions

: p(x) : XOF A+ A] - p(x):]%

XOF A+ Al- P(X)= 0

A
Mean value = 0; Standard deviation = —

5

Examples: the "U" shaped digtribution is used when sine functions are involved. This occurs with mismatch errors,
temperature regulators and other sinusoidal cyclic variations.

The equation of such distributionsis:

,with -A < x < +A.

_ 1
Y= T A2 —x2

Its basic properties are discussed in the following clauses.

D.1.3.6.1 Can this be the expression of a probability density?

Firg, itisclear that y (x) is positive.

A
Second, let usevaluate: P = I

1
—dX.
A AZ = x2
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Integrating by substitution:

So the two basic requirements are met.
The expression given can, therefore, be avalid expression for adensity of probability function.

D.1.3.6.2 Variance

o2=1 Ixz L
]T_A A2 _ X2
Integrating by parts.
Obtaining the terms du and v by substitution:
u=x2
% =2X
dx
Q _ 1
dx A2 — %2
v=0=sn 1(£j
A
A X ° X
o’mr= {xz S n"{—ﬂ - Ié n"l(—jZde = A’r-2 I xs n'l(—jdx =A%7r-2i
A A A
Integrating i by parts:
u=x
du _
dx

dav . 4 X
—=sn | —
dx A

V= xsin'{%j+\/A2 -x?
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A A A
i= {xz sin'l(%ﬂ - J(xsin'{%) +4/ A% - xzjdx = A%r—i— I A? - x?%dx
A

-A A

Integrating the last term:

Vs Ve .
A 2 > 2
+
I\/Az_xzdxzI\/AZ_AZSinZHACOSanZIAZCOSZwHZAZI 1 coszedg
-A _7T _7T h 2
2 > >
™ n
A 2 1dn26|2|_ AT
=— [0] + ==
- 2 | 2
2 2
Therefore:
2 2 2
i = A277—i Am_Am_An
2 4
Therefore:

the standard deviation quoted above

D.1.3.7 Maximum value of the standard deviation for bound distributions

In order to validate long cal cul ations (e.g. approximations of Logs) it cal be useful to have, apriori, an idea of
maximum val ues to be found.

In the case of bound digtributions, the maximum values are easy to find.

Let p(X) beadistribution where p(X) =0 outside [-A, + A] (it has been taken centred for the simplification of
the presentation).

As stated anumber of times, already:

+o00

I p(x) dx=1 (property of any probability density); and
s = j X2 p(x) dx (by definition of s, m and @), and finally;
s =o0%+m where m= Ix p(x) dx.

The second moment can also be written as:

+00 0 +00
s’ = I X2 p(x) dx = I X2 p(x) dx + I X2 p(x) dx.
—0 —co 0
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Noting that p(X) =0 outside [-A, + A], weget:
0 +A
s’ = I X2 p(x) dx + I X2p(x) dx.
-A 0

+A
The expression I X*P(X) dx ismaximum for all covered contributionsfrom p (x) as far away as possible from 0 and
0
thereforecloseto A... resulting in:

+A +A
[ A2p(x) dx= A2 | p(x) dx.
0 0
Likewise, the maximum for the negative contribution is:
0 0
| A°p(x) dx= A7 [ p(x) dx.
-A -A
Combining the two parts we get, at the maximum:
0 +A 0 +A
7= [ X*p( dx+ [ x*p(x) dx = A* | p(x) dx +A* [ p(x) dx.
-A 0 -A 0

+o00

And noting that I p(X) dx =1 we havefinally:

0 +A +A
s’ = AZI p(X) dx+A2j p(x) dx =A2j p(x) dx = A2,
-A 0 -A
Notingthat S,” =0 +m?, g2 =s,” —m? andin order to have amaximum standard deviation, m should be

minimal (a centred symmetrical distribution would have had a mean equal to 0).

So, finally, at the maximum: sz =g’ =/A.

D.1.3.8 Standard deviation for bound distributions (summary table)

The values of the standard deviations of usual distributions having a "footprint” from -A to +A can be summarized as
follows.

Distribution Maximum value at Maximum value reached Standard deviation
Triangular Centre 1
A
Rectangular Centre 1
2A

U-Shaped Maximum at the edges Maximum unlimited
Minimum in Centre 1
Minimum ——
TA
Maximum value for bound | Edges Unlimited

Distributions (see
clause D.1.3.7)

S PPy B b

A Gaussian has an unlimited "footprint" and cannot therefore be compared directly.
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For completeness, however, its characteristics have been recalled bel ow, with the same format:

Distribution Maximum value at Maximum value reached Standard deviation

Gaussian Centre 1 A

A2 1
Or: Centre 1 A A
(another Gaussian) i - =

2A T 1,57

same as rectangular E

above

D.2  Uncertainties and probability densities

This clause of the present document is intended to show basic methodol ogies and the rel ations between measurement
uncertainties and random variables. It uses definitions and intuitive approaches corresponding to both the definitions
and clauses 4 and 5 of TR 100 028-1 [17].

D.2.1 Examples of very simple systems and corresponding naive
(direct) analysis

These examples are intended to establish alink between the various concepts (random variables, probability densities,
uncertainties, etc.).

In order to keep thetext of these examples as simple as possible, s mplifying assumptions have been made. Itis
understood that all effects other than those to be highlighted are considered negligible. Methods to cover complete
system analysis are given in clause D.5.

D.2.1.1 Ohm's law

D.2.1.1.1 Relations between Random Variables under Ohm's law

D.21.1.11 Establishing the Relations between Random Variables
For the purpose of this example, a current generator G is connected (in series) with aresistor having aresistance R.
V isthe voltage across theresistor.
Generator G is providing current i.
| is considered as arandom variable characterized by:
- itsvaluei at a certain timeand by its probability density i (x):

- by definition, the probability P of having the random variable | having avaluei such that:

i, <i<iyis P= ji(x)dx, and dP = i(x) dx.

h
For each value of I, Ohm's law provides the value v of the random variable V:
for any valuei, v=RI.

Under these circumstances, V can be considered as a random variable for which the probability density, v (y), isaso
known.
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The way to evaluate v (y) is quitesmple:
- whenthevalueof | isi =i ori,, thevalueof V isv =v; or v, wherev, = Riy (for k=1 or 2).
The probability P of having iy <i <i,isalsothat of having vy < v < vs.

which isaso, by definition of v(y):

P= [W(y)dy, which can also be written dP = v(y) dy.

v
Therefore, the two values of dP can berelated and: dP = v(y) dy =i(x) dx.
When the voltage across theresistor isy, the intensity isx = y/R.
In the same way, the effect corresponding to dx isdy = R dx... and dx = (UR) dy.
Replacing, we get:
dP=v(y) dy = i(x) dx =i (y/R) (I/R) dy, which, in turn, gives:

v(y) = @R)i (Y/R),

the relation between the probability densities corresponding to the random variables| and V.
In this example, great care has been taken to clearly designate the random variables and the values they can take...

Obvioudy, some more synthetic presentation could have been used ... aslong asit isalways clear for the reader what
the various symbols do represent!

Other types of presentations may be found later in this annex.

The multiplication of arandom variable by a constant has been presented in a more systematic manner in clause D.3.2.

D.2.1.1.1.2 Verifications concerning Ohm's law
When providing the definitions and "basic” characteristics of probability densities characterizing random variables,

2 criteriahad been expressed. A probability density, p (x), in general, and in this case, the probability density associated
with V, v (y) shall be such that:

- V(y)z0;

+00
- Iv(y)dy =1
It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.
Obvioudly, if X 1(X)=0, then v(y)= 0.

Concerning the second rel ation, verifications can be done on specific situations (for a probability density i(x)) orin a
more generic manner:

[vy)dy = [@/Ryity/R) dy

By introducing t = y/R (which gives dt = dy/R, and dy = R dt), this equation may be transformed into:

T(l/ R)i()Rdt = T(R/ R)i(Hdt = [i(Hdt=1.

—00 —00 —00

+o00
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Which ensures that v (y) can be a proper probability density function characterizing some random variable (hopefully V,
should the above cal cul ations be correct!).
D.2.1.1.2 Uncertainties and the usage of Ohm's law

The set up discussed in clause D.2.1.1.1 could have been used in order to measure the value of theresistor, having in
hand a current generator (G) and a voltmeter.

For this purpose, G would have been expected to deliver a known current iy and the voltage v, found, would have been
supposed to provide the value of theresistor, Ry:

Ro=Vo/io.

Unfortunately, G does not provide exactly i, but it providesi, related to arandom variable, I, of which only the
probability density, i (x) isknown.

In order to simplify the discussion, the voltmeter is supposed to provide the true value of v, the voltage across the
resistor.

In order to simplify also the discussion, the value of the resistor is also expected not to change during the measurement
(it had been called Ry to reflect this characteristic).

The uncertainty of the measurement of theresistor is, in thiscase, the result of the uncertaintiesrelating to .

Infact, in apractica case, the value measured by the voltmeter would have been mapped to avaluein Q, using the
sought relation between Rq and ig: R = V/ip = v (1/ig). Therefore the statistica properties of the voltage measured
acrosstheresistor v (y) would have been mapped (multiplication by a constant factor, k = (Vip)) to theresults of the
reading of the value of the resistance.

Finally, the measured value of the resistance can be considered as arandom variable, R, linked to the voltage measured,
therandom variableV, by R=k V.

The properties of V have been calculated above; its probability density isv (y), and:
vV (y) = (VRo) i (Y/Ro).

Similarly, noting that R = k V (in thesameway asV = R |, see also clause D.3.1), the probability density r (2) of R can
be expressed using function of v (y):

r (2) = (VKk) v (Zk)
and finally:
r (2 = (UK) v (zK) = (Uk) (I/Ro) i (Zk Ro) = (Lk Ro) i (ZK Ry).

The statitical properties of R (probability density r (2)) are known as soon asthe statistical properties of I, depending
on the generator, are known.

In short, the measurement uncertainty of the measurement is directly depending upon | (and i (x)):
- by definition, the error made in the measurement of the value of theresistanceis€ ,with€ =z- R,.
Therefore, the probability of the error having a particular value € relates directly tor (2) and, in turn, toi (x):
£ =z-Rywithr(2 = [(/k Ry) i (Zk Ry)].

Theerror, € , can, beyond its probability density € (t) be characterized by other statistical properties such asits mean
value or its standard deviation.

The value of such parameters can be cal culated from the expression given above, using the general relations given in
clause D.3, but it can be also calculated directly, as shown in clause D.2.1.1.3.

The expression of the error, above, also shows that there may be some influence of the value of the measurand on the
estimation of the uncertainty. Thisisfurther devel oped in clause D.4 where influence quantities are addressed.

ETSI



160 ETSI TR 100 028-2 V1.3.1 (2001-03)

D.2.1.1.3 Examples concerning Ohm's law using particular distributions

D.2.1.1.31 Rectangular distributions and the corresponding interpretation of uncertainties
The properties of arectangular distribution defined by a parameter A have been given in clause D.1.3.
Asafollow on from the example of the measurement of theresistor where:
r@=r(Ro+ &)= (UkRy)i (Zk Ry)
Special cases can be further discussed.

Let us assumethat the probability density i (X) isrectangular, centred around ip and having a value 1/2a between i - a
andip + a (aisgiven, for ingance, in mA):

r (2), the probability density of having a particular value as" the measured value" will aso be given by arectangular
distribution:

« centred around (zZIkRy) =g > Z=ip (kRo) = Ry;
» with boundaries for ZkRy=+a =2 z=+aRyipand
* having adensity (1/2a)(Vk Ro) =io/(2a Ry).

Asaresult, the" measurement error™ can aso be considered as arandom variable, of which the probability of having
avalue, & correspondsto a probability density function:

e centred around 0
» having arectangular shape with boundaries at + aRyig
* and adensty io/(2a Ry).

The interpretation of these results could be two fold:
e worst case approach Ry = (V/ig) + aRyfio;
« datistical approach thevalue of theresistor is Ry; and
» the probability of error has a standard deviation of a Ry/io;

» divided by squareroot of 3 (providing the "measurement uncertainty” for some particular confidence level ... see
also clause D.5.6) (see dso clause D.1.3.1 concerning the standard deviation of arectangular distribution).

The confidence level can be subsequently improved, by multiplying the value of the measurement uncertainty indicated
above (multiplication by 1,96 in the case of normal distributions... asindicated in TR 100 028-1 [17], clause 4.1, in
order to change the confidence level from 68,3 % to 95 %)... (see also clause D.5.6).

It is clear from the above that the multiplication of the above value by square root of 3 would return back the full span
of the distribution (100 % confidence).

In this case the span of the worst case approach and that of the statistical approach can both be easily cal cul ated.

D.2.1.1.3.2 Gaussian distributions and the corresponding interpretation of uncertainties
Calculations smilar to the above could be performed directly.

However, it looks more practical to use theresults obtained in clause D.3, in order to find the parameters of the
uncertainty.

In fact, it ispossible to cut it short to:
- random variable | "standard deviation" (theinput given...): ag

- randomvariableV = Rl = & =Ryo
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- randomvariableR=kV = o=k o,
- random variable "measurement uncertainty” o= 0r=(Roip) a
The above presentation is, in fact independent of the distribution addressed.

One difference with clause D.2.1.1.3.1 is that in the case of Gaussian digtributions, the "standard deviation”, o; appears
explicitly in the equation of the probability density function:

1 o207
o\ 2T

while it hasto be calculated from parameter "A", in the case of rectangular distributions...

Anocther differenceisthat, if random variable | has a Gaussian digribution, thereisnot, per say, a genuine "worst case"
situation, since there isanon-zero probability of i taking any value, which would result in the measured value of the
resistor... having also any value! (the value of the random variable in the case of rectangular distributions has lower and
upper bounds, but not in the case of normal distributions).

D.2.1.2 A basic voltmeter
In order to penetrate further in the area of measurement uncertainties, let us consider how one could build a voltmeter.
For the sake of the discussion, in order to build a single-scal e voltmeter, two basic components could be assembl ed:
- aresistor of value Ry;
- amicro-Amperemeter.
In order to simplify the discussion:
- theresistor could have been taken from a set of resistors given with a certain uncertainty (e.g. 2 % resistors);
- the micro-Amperemeter can be considered not to introduce any further uncertainty.

As an example, the micro-Amperemeter could have a full scale deflexion for 50 HA and an interna resistance of 2 kQ
(dectro-mechanical) or infinite internal resistance (el ectronic device).

The usage of aresistor R; of 200 kQ would cater for afull scaleof 10 V.
V=R andthereforedV =1 dR + Rdl (i.e. "differentiation").
Or, noting that V = R | and dividing by V both sides:

d_V = E + d—l (i.e. "logarithmic differentiation”).
Vv R |

The micro-Amperemeter was not supposed to contribute for the uncertainty, thereforedl = 0, and:

dv =1 dRord—V:E.
V R

Should dR be the random variable characterizing theresistor (i.e. by its probability density), it could be considered as
having a rectangular distribution (£2 % of 200 000, which is+4 kQ).

dR
Conversdly, the random variable to be considered could have been E and as aresult, the distribution would a so have
been rectangular, expressed in percentage: £2 %.

Obvioudy, both expressions are equivalent.
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For the voltmeter, the performance could have been expressed in percent ("relative uncertainty™):
- 12%.
Thiswould have corresponded to an "absolute uncertainty” of 200 mV on afull scale deflexion.

This presentation shows that a meter can be considered as a perfect device (providing some reading) coupled to some
other set of components "responsible’ for the uncertainty.

When using this voltmeter to evaluate some voltage, resistor R; could as well be incorporated in the rest of the test
set up. This presentation has been further suggested in clause D.5.

D.21.21 Building a multi-range voltmeter

In the sameway asresistor R; could have been used for a single-scale voltmeter, a set of resistors having different
values could have been used in support of several ranges, e.g.:

- resistor R, 2 MQ could be used for a 100 Volt range; and

- resistor Rz 20 MQ could be used for a1 000 Volt range.
Should all theresistors be 2 %, then the performance of the Voltmeter would have been 2 % in all ranges.
However, it is clear that thered value of each resistor R, isnot known, nor any of the actual ratios such as:

(resistor Ry)/(resistor Ry).

Asaresult, readings in the different scales of this voltmeter can be considered to have measurement uncertainties
statistically independent.
D.2.1.2.2 Correlations between measurements with different voltmeters

Having in hand sets of resistors with the various values R, ... R;, allows for the building of several voltmeterswith the
same design, (i.e. as described above).

Assuming that in each set of resistors, the actual resistance values are different, whilerespecting the 2 % uncertainty
(rectangular distribution) clause (for aresistor the usual term would be 2 % tolerance), al the voltmeters would provide
statistically independent readingsin each of the scales, but always within the 2 % uncertainty (rectangular distribution).

It can be interesting, however, to go alittle further.

Some measurements use substi tution methods (see clause D.5). In this case, it can be important to know the statistical
independence of the uncertainties relating to the various evaluations.

When using the same voltmeter and the same range: uncertainty values are not statistically independent.
When using the same voltmeter and different ranges: uncertainty values are statistically independent.
When using another voltmeter: uncertainty values are statistically independent.

Asaresult, great care hasto be taken when trandating the test set up into the calculation of the uncertainty as two test
set up and procedures almost identical can result in different calculations (see also clause D.3.4).

Another situation can be found in the "Example clauses' of the present document:

- two attenuators are used in atest set up and are to be measured. The uncertainties corresponding to these two
devices areto be treated in a different manner if the evaluation of their characteristics is statistically independent
(i.e. measured with different instruments) or not (i.e. measured with the same instrument, same range, €tc.).

In the case of the Voltmeters "built" above, it is quite clear when uncertainties are independent or not (thereis only one
source of uncertainty)... in real life, the situation may beless clear ... but, in any case, care should be taken in order to
avoid clear mistakes... which may be areal problem, since such mistakes are amost impossible to be detect afterwards
(it really depends on how the individual measurements were performed and severa different results may be equally
likely).
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Asitisindicated in clause D.3.4, in general, the contribution of independent contributions are more favourable in terms
of uncertainties: in case of doubt, it istherefore better to make the measurements which could have introduced some
correlation with different insruments, in order to make it crystal clear that no correlations were introduced.

Extreme care has therefore to be exercised in the case of substitution measurements where the effect may be totally
opposite (the "aim of the game”, in the case of substitution measurements, is to have two measurements correlated, as
much as possible, in order to discard the majority of the contributions ... by making "a difference” between two
"consecutive' measurements); see also clause D.5.

D.2.1.3 Adding voltages

This clause was intended to:

- provide an example of addition of random variables (see clause D.3.3 for the corresponding theoretical
approach);

- give some practical support in order to continue the discussion started on clause D.2.1.2.2.

Two resistorsin series can be used as a voltage splitter. When the two resistors are supposed to be identical, the voltage
across them is supposed to be identical. Such a set up could be used to increase the range of the home built voltmeter
discussed above.

However, in order to measure the voltage across one of these two identical resistors, Voltmeter(s) can be used in
different ways. More precisely, the measurement can be made using one or two ("identical™) voltmeters.

Asaresult, in order to have an idea whether the uncertainties are correlated or not, several questions may be asked,
e.g.: "Wasthe voltmeter used for both resistors the same, and what are the possible corré ations between
uncertainties?".

Clause D.2.4 addresses the question "independent or not", which isfundamental, but is often forgotten.

D.2.1.4 The Wheatstone Bridge

This clauseisintended to show ways of handling more complex systems.

It also shows that the statement that "al measurements are based on linear operations’ is as wrong as the statement that
"condoms never explode” (one of them bursting into one thousand pieces is enough to prove that the satement was not
correct...). Asaresult, there are days when other operationsthan RSSing may have to be performed.

Such bridges are often used to measure the value of an unknown resistor X using a set of calibrated resistors.

Assumethe bridgeis built usng 3 cdibrated resistors P, Q, R (used as areference) and a meter g, powered by e.

|

Appropriate bridges can also be used for the evaluation of capacitors and other impedances.
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D.21.41 Fully balanced Bridge

When the bridge is balanced, the current crossing g is zero. Under these circumstances:

X = E
Q
By logarithmic differentiation we get:
dx _dP , dR _dQ

X P R Q
This expression can interpreted as follows:
- small variations of P, Q and R, dP, dQ, and dR will result in small variations dX of X.

These small variations can be due differences between the value noted on theresistor and the actual value of the
component. Such errorswill, in turn, generate and error in the measurement: [dX| will be the difference between the
calculated value and the true value.

Hard luck, the difference between the value noted on theresistor and the actual value of the component is generally not
known (should it be known, then the true value should have been used!), and someidea of it is covered by the term
uncertainty.

In theworst case approach, the more unfavourable values of each contribution are to be used.

Asaresult, the uncertainty on X, dX is given by:

dX _|dP| |dR| |dQ
Y Y — S s
X P R Q
Should the uncertainty on all resistors be the same, then:
d_X:3d_P .
X P

However, the probability that all components of the uncertainty are "pushing” theresult in the same direction issmal, if
the various components do not have correlated properties. It can therefore be assumed that the "worst case” approach is,
indeed, providing very conservative results.

Asdonein other clauses before, it can be interesting, here also, to introduce the concept of random variables.

(0),4 dP| . _ .
—| isrdating two random variables:

A very simplistic approach would have been to say that X =3 5

dpy.
=

- onerdated to the characterigtic of the source of uncertainty

- onerdated to the uncertainty of the measurement

|
X

: _ . dX dP
- thesetwo random variables being related by theredation 7 =3 ? .

The knowledge of the properties of the distribution of the source uncertainty would then immediately provide the
sought results. Clause D.3.2 provides the rel ations between distributions obtained by multiplication by a constant, and
associated properties.
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Using such results would have provided expressions such as:

0,> =90,°, which relate the standard deviations of the 2 distributions involved.

However, this approach would provide, still, a conservative view of the situation.

In order to take full advantage of the usage of the concept of random variables, then the previous expression should
have been used:

dX _dP dR _dQ

X P R Q

A direct mapping with random variables:

dpP
- 3related with the characteristic of the sources of uncertainty, e.g. F ; and

X
- onerelated with the uncertainty of the measurement 7 ;

- would have provided alinear relationship between these random variables.

The knowledge of the properties of the digtribution of the source uncertainties would then immediately provide the
sought results. Clauses D.3.3, D.3.4 and D.3.5 provide the re ations between distributions, when obtained by linear
operations and associated properties.

Using such results would have provided expressions such as:

0,"=0," +0," +0y", which relate the standard deviations of the 4 distributions involved.

Should the uncertainty on all resistors be the same, then this expression would become;
o, =30,°.

This expression recalls the expression found above, except that afactor of 3 has been introduced (or a factor of
/3 between the tandard deviations).

Clause D.5 offers global approaches based on the principlesindicated here.

The cal culations above were based on differentiation. However, the cal culations could have been performed directly on
P, Qand R, instead, using:

X:E_
Q

In such casg, instead of using the relations supporting linear expressions, clauses such as clause D.3.6 and clause D.3.7
should have been used... and, heroically, right results should have been obtained, at least once the particulars of each
distribution would have been given.

D.2.1.4.2 Bridge not fully balanced
When the bridge isnot fully balanced, the current across g is not zero any more and its value can be found as follows.

Using Thévenin's theorem, solvefor i.

ETSI



166 ETSI TR 100 028-2 V1.3.1 (2001-03)

r )
¢

Remove g and find V1

v :{fo ) PJF:QJ :{X(TRZQ;)_(FF”(*R(;)X)J

Remove e, replace with a short-circuit and find Ry, looking back:

R Q
Rth
X P

|
¢
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__RX_, PQ _Rx(P+Q)+PQ(R+X)
R+X P+Q (R+X)P+Q)

Th

Hence:

E{X(P+Q)—P(R+X)J

Ve (R+X)(P+Q) ~ e(XP+XQ-PR-PX)

"Ry, +Gy  RX(P+QJ+PQ[R+ X)+G " Gg(R+X)(P+Q)+RX(P+Q)+PQ(R+ X)
(R+X)(P+Q) R

_ e(XQ-PR)
" Gr(R+X)(P+Q)+RX(P+Q)+PQ(R+X)

Thisexpression is clearly more complex; however, by differentiation, it is easy to get some linear expression out of it...

Thisexpression isvery interesting due to the fact that, thistime, the current i can be mapped into arandom variable
corresponding to the uncertainty of the test equipment.

However, the approach used above (see clause D.2.1.4.1) can still be used:
- identifications of the appropriate variables (including those referring to test equipment);
- differentiation (makes it more easy, but is not really necessary);
- mapping from eectrical parametersto random variables;
- combination of the various random variables (corresponding to the various contributions to the uncertainty);

- calculation of the sought results using the properties of these combinations, i.e. calculation of the combined
uncertainty of the measurement considered.

Thisisthe basis of clause D.5.

D.2.1.5 Influence of temperature
This clauseisintended to discuss the effect of "influence quantities’, and in this case, temperatures.

Itis asointended to highlight how the effects of these influence quantities can affect the uncertaintiesin different
manners du to the possible correlation between the various effects.

The equations above relate to 3 "known" (reference) resistors, each one may have its own reaction to temperature, but
they may be "identical”, aswell.

In the case of a Wheatstone bridge, one can think of arather small test set up. In this case, it can be assumed that the
temperature isthe same for all threeresistors: so possibly similar equations (the reference resistors may be "identical")
and correlated effects.

However, bridges could also be used to measure high currents and clumsy EUTs. Dissipation of heat isnot necessarily
to be excluded, and is not necessarily the samein all 3 referenceresistors. In some situations, it can also happen that
each "reference” resistor isin adifferent environment. Asaresult temperatures may have to be taken as different or
"independent” (and the effect of temperature on each resistor may also be different).

The theoretical material needed to solve these situations can be found in clauses D.3.6 and D.4.

Itis however clear in this example that the experimental conditions may have a direct influence on the equations to be
used. In this case, like in many others, the operator performing the experiments has to have an understanding of the
work to be done and select theright equations, since heisthe only one able to determine which variables are
independent and which arenot. It implies that the usage or predetermined cal culations, examples or spread sheets has
always to be handled with care.
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D.2.2 Modelling instruments

In ameasurement set up, in particular for the evaluation of radio equipment, can usually be found:
- power supplies, signal generators, etc (see discussion in clause D.1.1.1.1);
- instruments allowing to evaluate some electrical signal (e.g. powermeters, voltmeters, etc.).

It was dready suggested in clause D.2.1.2 that a VVoltmeter could be artificially split in two parts. More generally, most
usual instruments (e.g. meters) can be considered as being composed of:

- aperfect device (providing some reading);
- coupled to some other set of components "responsible” for the uncertainty.

These components could as well be incorporated in the rest of the test set up... and be analysed together with the
"original test set up".

Thisis one of the basis for the presentation which has been proposed in clause D.5.

D.2.3 Comparison with worst case methods

Among dl the types of distributions referred to in the present document, only the "Normal distributions’ provide a
non -zero probability p (x) for al the values of x. All the othersare "bound"” (for values below a lower value of x and for
values above some other value of x, p (X) = 0).

Itis clear that a probability density corresponding to arandom variable obtained by a linear combination of random
variables (see clause D.3.4) which have a bound probahility density, isaso bound.

In such casg, it ispossible to consider either a probabilistic/statistical approach or aworst case approach for the
evaluation of the measurement uncertainties.

In the case of non bound digtributions, obvioudy, no worst case approach is possible!

Thisis further discussed in clause D.5.6.

D.2.4 Independent or not... that is the question!

D.2.4.1 Different effects

All through out this annex, the fact that "events and random variables are independent or not", has been addressed.

Thisis dueto the fact that the probability of having simultaneously two events is the product of the probabilities of
having each event, if and only if these events are independent:

Prob (A and B) = Prob (A) x Prab (B), when A and B are independent events.

In thefollowing clauses, this property is often written for small contributions, where the probability of eventsisgiven
using probability densities:

f (x) dx x g (y) dy (corresponding to having both f (x) dx AND g (y) dy).
Should C and D correspond to asingle event (referred to under two different names), it is obvious that:

Prob (C and D) = Prob (C) = Prob (D) which is fundamentally different from the above.

D.2.4.2 Making the right choices

It istherefore extremely important to identify among all the sources of uncertainty which are independent and which are
not. For example, has some particular source of uncertainty (e.g. a cable or an attenuator) been used more than only
once in the measurement?
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If some component has been used twice, and if it can be considered that the resulting contribution to the uncertainty has
not changed, then the corresponding contribution, in the calculation of the combined uncertainty is 2 g as opposed to

O multiplied by squareroot of 2... avalue to be used when two "independent” sources of uncertainty are considered
(e.g. when 2 different cables having the same characteristics have been used, instead of just only one).

Through out the present document, random variables associated to parameters such as temperature or supply voltage
have been addressed (relating for instance to "influence quantities").

It can be accepted, for example, that the same voltage being delivered by two independent power supplies correspond to
two independent random variables...

... while the room temperature of a small room could be considered as a unique random variable... unlessthere were
good reasons to believe that the temperature in the room was not homogeneous, in which case, the effect of the
temperature on various pieces of equipment of a particular test set up could be handled asrédating to different and
independent random variables. In many situations, only the person making the measurement isin a position to know
which of the random variables concerned were independent and not.

Asaresult, it isimportant to identify such situations and to handle the cal cul ations accordingly. The effects resulting
from such mis-evaluation are further addressed in clause D.3.4.6:

- asshown in clause D.3.4.6.2 taking for independent uncertainty sources which are not, resultsin an under-
estimation of the combined uncertainty.

D.3  Combination of distributions

Clause D.2 has highlighted a number of situations where operations on random variables had to be performed, and, in
particular operations on 2 random variables ("combinations® of random variables). In the present clause, a systematic
approach has been used, in order to provide the equations (and formulas) and the properties of a number of usual (and
simple) operations on random variables, including combinations thereof.

If for some particular problem the usage of other combinations is needed, an attempt could be made to use the tools
developed below or methods based on the approaches shown below, in order to compl ete the corresponding calculations
(see, in particular, clauses D.3.9, D.3.10, D.3.11 and the table in clause D.3.12).

In this clause, results corresponding to some usual combinations have been presented in a systematic manner. However,
the end of the clause provides more general results. As a consegquence, the cal culations corresponding to usual
combinations have either been obtained directly, or asan application of more general methods, in order to show
examples of how to use them... the results being independent of the method used, it was not felt necessary to show (all
the time) how to use more than one method for each calculation!

For information, typing and searching was done at the sametime... however, usng thetext editor is much moretime
consuming than writing the equations by hand. After some time, the typing was therefore lagging substantially behind
the searching, with implies that new thoughts may have been imported in clauses |eft behind. It is expected that the
reader will not suffer from this effect. It is also expected that both forward and backward cross-references will help the
reader.

There may also be differencesin the notations (symbols) used, compared with those of clause D.2: it was felt that, in
order to make the text easier toread, in clause D.2, notations should be closer to their usage from the physicist point of
view, while, for clause D.3, priority should be given to notations making the mathematical expressions easier to read
and tohandle... it is expected, anyhow, that when reaching clause D .4, thereader is expected to be familiar enough
with all the concepts, so that the notations (symbols) chosen will have little importance!

Asaresult afurther proposal ismadein clause D.3.10.6. In order to implement this proposal, 2 different character sets
have to be used. After discussionswithin ETSI, the set "Monotype Corsiva" has been chosen. It has been used to designate
the name of random variables. It hasto be noted, however, that the tools used to draft the present document do not seem
to allow the use of this character set in "equation boxes".

Finally, it hasto be noted that this clause was written in away to be as ssimple and clear as practical. It hasnot the
mathematica accuracy that could be expected in amathematical book, in particular functions are expected to be "good"
functions...so it may be easy to find special cases and functions for which the general findings do not exactly apply. To
avoid such risks, it would have been necessary, in particular, to define probabilistic spaces and functionsin amore
formal way, which could have been considered out of the scope of the present document.
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D.3.1 Addition of a constant to a random variable
This clause deals with:
H=F+a,
where F isarandom variable and H theresult of the addition to F of a constant a.
Resultsin this clause could have been established directly; but it was felt as interesting to use this clause as an example
of application of genera expressions found in clause D.3.9.
D.3.1.1 Evaluation of the corresponding distribution

Clause D.3.9 provides the general expression of h (2), the probability density of H, when some operation (g) has been
performed on arandom variable, F. Theresulting probability dendty is given as:

f(g7(2)
h@ = 9 &)
D lga )

- wherez=g(x)and X =g (2) (thereciprocal of g... has sometimes been expressed using the notation "*",

- givingx = g° (2) asaresult of keyboard limitations... but it is more usually expressed as X =g~ (2) ).
In this particular case:
g|x=>z=x+a
IF>H=F+a
g | x = 1 (the derivative function of g)
g*|z= x=2z-a (thereciprocal function of g).
Asaresult:
hp= @) 1220 (oo t(z-a),
9'(97(2) 1

In the expression above g’ > 0... so thereisno special careto be taken in relation to the absol ute values found with the
expressions discussed in this clause.

The relation between the probability densities corresponding to the random variables F and H:

istherefore: h(z) = f(z—a).

D.3.1.2 Verification

It is obvious that:

+o00

- I h(2)dz =1 since thetransformation is a Smple trandation; and

- thesign of histhat of f (positive).

Thetwo criteria are, therefore, met.
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D.3.1.3 Means and standard deviations

Asaresult of the general expression found in clause D.3.9:

+o00 +o00 +o00

mnzTg(x) f()dx = [(x+a) f()dx=[() FEax+(@) [ () dX:TX f(X) dx+ a1

—0o —00

and the mean value, my, istherefore:
my,=m; + Q.

In the same way:
2_+002 _+oo 5 _+002 +o0 +002
s7= [0°(9) () dx= [(x+a)® f()adx= [X* F()dx + [2xa f(x)dx + [a® f(x) dx

and therefore:
SP=2+2ami+ a?.

Asindicated in clause D.1.2 (definitions):

Oh2 = 2 - M2
and, similarly:

O = §2- Mg,
therefore:

O2=S2-M2=s?+2ami+ @?-m2.=s2+2am+ a?- (M + @)= 52- M2 = g

and the "standard deviation" gy, is, findly:

o, = o (the standard deviation is unchanged).

D.3.1.4 Examples of usage

The conclusion of the clause above is that "the standard deviation is unchanged”. Asaresult, in the examples found in
the present document, practical situations where this clause would have been used, may have been overlooked!

D.3.1.5 Examples of conversion

An areawhere "radio” people often make conversionsisthelevel in dBs. Some prefer dBm other dBuV, etc and the
conversion between such valuesis by the addition of a constant (a topic covered by the present clause).

D 3.2 Multiplication of a random variable by a constant factor
This clause deals with:

H=AF,
where F isarandom variable and H theresult of the multiplication of F by a constant factor A.

Itis supposed that A isnot equal to O (zero).

Thisclauseis, in fact, very important: it shows how to handle multiplications by positive or negative expressions, a
topic which will be discuss a number of times, later, in this annex.
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D.3.2.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:

the probability Ps of having the random variable F having a value x such that:
3
X1 <X<X2is P, = I f(x)dx.
%

Similarly, we can consider:

X

P, (x) = j f(t) dt,

and therefore (by differentiation):
dP; = f (x) dx.

Should H be the random variable resulting from the multiplication of F by A, then, with the current notations, its
probability density ish (2), to be evaluated.

For each value x of F, the value z of therandom variableH is; z= A x.

D.3.2.1.1 Case A positive
In thefollowing, A is supposed to be a positive constant.
The way to evaluate: h (2) isvery smple:
- whenthevalueof Fisx =x; or Xy, thevalueof H isz=z or z wherez. = A x, (for k = 1 or 2).

The probability P of having x; < X < X, istherefore also that of having z; < z< z,, which is aso, by definition of h (2):

)

P= [h@dz.

4
This property can aso be written as dP = h (2) dz (by differentiation, asit was done for Py, above).
Therefore, the two values of dP can berelated and: dP = h (2) dz=f (x) dx.
When the value of H is z, thevalue of x isx = Z/A.
In the sameway, when A is positive, dx is correspondingtodz= A dx ... and dx = (1/A) dz
Replacing, we get:

dP=h (2 dz=f (x) dx =f (ZA) (A) dz, which, in turn, gives.
h (2 = @A) f (@A),

the relation between the probability densities corresponding to the random variables F and H.

D.3.2.1.2 Case A negative
Doing the same calcul ation as above, while noting that:
- multiplying inequalities by negative numbers swaps the inequality signs; and

- that, in the case of intervals, the leftmost valueis expected to be smaller than the rightmost value; and
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- that, finally, in this particular case (A is now supposed to be negative) the correspondence between k =1 and 2
have to be swapped for x and z, we get:

h (2 =- (VA) f (ZA)

D.3.2.1.3 Conclusion

Combining the two results found above we get the final result:

h(2) =ﬁf(§).

D.3.2.2 Verifications

Itisclear, noting:

- thecase where Aispositive; and

1
also that — is podtive when A is negative,

Al
that in all cases:
h(2=0.
What then for the other requirement?
+00
j h(2)dz =17
When Aispositive, replacing h by its expression using f and then by substitution writing that x = ZA (and therefore

dx = dzZA).

we get:
f h(z)dz = j I f& %y dz= j B f(x)A dx :Tf(x)dx =1.

When A is negative then the use of € can be useful.
Asindicated in clause D.3.10.3, for A negative the value of £is-1.

(by definition |g] = 1 and € hasthesign of A).
The change of variable indicated above inverts upper and lower boundsin the integration. Asaresult we get:

—00 —0co

j h(2)dz = j 2 f(x)dx = j £ f()dx = j (-1) f(x)dx :Tf(x)dx =1.

+oo +o00 —00

Thistype of calculation will be found anumber of timesin this annex (e.g. in clause D.10).

D.3.2.3 Means and standard deviations

Once the definition has been written and simpl e cal culations completed (exactly as above), it can be found that the
mean value, my, is:

my = A my (whether A is positive or negative).
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Asan example, let's make the calculation for A < 0 (and calling y the variable):
T e
m,= [yhwydy= [y-2 1) dy
Should x be defined as x = y/A, we get dx = dy/A, and:
mn:_jwy%lf(/]l)dyz—loxf(x)/l dx:+_J;/] xf(X)dx =+ m,

Similarly, it can be easily shown that "standard deviation" ¢, is such that:

OEZ - AZ a];Z_
For positive values of A, without risk, it can be written that r, = A g;. However, in order to avoid problems with
negative values, when A is negative, it can be as easy to use the expression above (ai2 = A2 gi?); after all, for the purpose
of RSSing, which iswhat has been done all over thisreport, the expression needed is gy
D.3.2.4 Examples of usage
Properties related to multiplications by constants have already been used in clause D.2.1.4 (rd ating to the Wheatstone
bridge).
D.3.2.5 Examples of conversions

In theradio world, awide range of unitsis often used: e.g. pv, mV, V. A multiplicative factor of 1 000 istherefore
often found.

Thisfactor may also be found when handling the corresponding standard deviations. (It isnot surprising, but cannot be

taken for granted before any evidence is given! The usage of unitsin a probabilistic environment is also discussed in
clause D.3.10.7).

D.3.3 Sums (additions) of random variables
This clause deals with:

H=F+G,

where F and G areindependent random variables and H is a combination (additive) thereof.

D.3.3.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:

- the probability P of the random variable F having avalue x such that:
X
X <x<xis P, = [ f(ax.
%

Similarly, we can consider:

X

P, (x) = j f(t) dt,

—00
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and therefore (by differentiation):
dPs =f (x) dx.

When G isalso arandom variable, characterized by the fact that the probability of G having a particular valuey is given
by the probability density g (y), then, by definition:

- the probability P4 of the random variable G having a valuey such that:

Y2
Vi<y<yis B, = [g(y)dy.

1

Similarly, we can consider:

P, (v)= [o@dt,

and therefore (by differentiation):
dPg = g(y) dy.
Should H be the random variable resulting from the addition of F and G, then its probability density:
h (2), isto be evaluated.
For each valuex of F andy of G, the value z of therandom variableH is; z=x +.
The way to evaluate h (2) issmple:
- the probability of having the value of F within avery small interval [x, x + dx] isf (x) dx;

- gmilarly, the probability of having the value of G within asmall interval [yi, y2] isg(y) (Y2- y1) = g (y) Dy where
Dy =y, -y; and

- whereitisassumed that g(y1) = g (Y2) =g (y) (isasmall interval);

- under both circumstances, we get the value of H within [z, z] wherez = x +Y; (neglecting dx, very small
compared with Dy); and

- the probability of such an event (the contribution of dx in h (2)) isg (y) Dy f (x) dx (the probability of having
both eventsisthe product of the probahility of having each event, when the events are independent).

When Dz = 7, - z;,by definition, h (2) Dz isthe probability of having the value of H within [z, z], and is therefore, the
sum of the probabilities of all theindividual contributions, corresponding to all values of x:

h(z)Dz= jg(y)Dy f (x)dx.

SinceDz=2%z-z=x+Yy,- (X +VY1) =VY,-Yy; =Dy,

we have Dz = Dy and noting that y = z - X, the integral above becomes:
+00
h(z)Dz= jg(z—x)Dz f (x)dx
which can be simplified into:

h(z)= Tg(z—x) f (x)dx.
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This expression provides the value of h (2) as afunction of f (x) and g (y), which isthe relation between the probability
densities corresponding to the random variables F, Gand H.

NOTE: theresult given above, could also have been found using the concept of substitutions discussed in
clause D.3.10.3.

In this case, the probability of having smultaneously two independent eventsis the product of the two corresponding
probabilities; therefore, it could have been written that:

h(z)= Tg(y) f(X)dx, while Zz=X+Yy.

Using the properties of substitutions given in clause D.3.10.3, y could have been replaced as follows:

Z=X+y = Yy =2Z-X,andnoting that the corresponding derivative function is 1 (see clause D.3.10.3);

asaresult we find:

h(z)= Tg(z—x) f(x)dx.

D.3.3.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (2) shall be such that:

- h(2=0;
- Th(z)dz =1

It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Obviously, when X f(X)=0 and Oy g(y)=0, then h(220.

Concerning the second rel ation, verifications can be done asfollows:

+o00  +oo +

j jg(z—x) f(x) dx dz = wf(x)[Tg(z—x) dz ] dx

Th(z)dz =

By introducing t = z- x (= dt = dz, where x is considered as a constant), this equation may be transformed into:

+i

Th(z)dz = Tf [ j gt)dt] dx= Tf () [1] dx = j f(x)dx = 1.

—00

Which ensuresthat h (2) can be a proper probability density function characterizing some random variable (hopefully
H, should the calculations in clause D.3.3.1 be correct!).
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D.3.3.3 Means and standard deviations

The method used in the calculations of clause D.3.5.3 (which were fully expanded) can also be used in this case with
the change of variable: t =z - x;

and theresults are two fold:
- themean value, m, is.
my = m; + My
- and "dandard deviation" oy, is:
0712 - af2 + %2

(Similar calculations have been fully expanded in cases where great care was needed. See other usual operations
(e.g. multiplications) in clause D.3).

D.3.3.4 Examples
Thislagt expression is certainly the expression which has been more often used in the present document:

- itisthebasisfor "RSSing".

D.3.3.5 Adding several distributions

The corresponding effects are very different from case to case as shown in clauses D.1.3.2 and D.1.3.3, the addition of
two rectangular distributions can generate either trapezoidal or triangular distributions. The addition of several
rectangular distributionsis further addressed in clause D.3.3.5.2.

Clause D.3.3.5.2.2 provides an interesting result relating to the addition of an infinite number of rectangular
distributions.

D.3.3.5.1  Adding Normal distributions

D.3.35.1.1 Using the expressions giving the probability density

D.3.3.5.1.1.1 Case where two identical Normal distributions are added

Let us consider two Normal (Gaussian) distributions having the same standard deviation and no offset:

2

1 X

Y. = e_? ; and
oN2r
1 -
Y, = > e 2 , corresponding to two independent random variables.
oN<ZrT
Clause D.3.3.1 provides:

h(z)= Tg(z—x) f (x)dx

as the distribution corresponding to the sum of the two independent random variables.
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With appropriate notations, we get:

+00 1 _(z—x)2 1 _xi2
h(z) = —F—=€ 20° —F—=€ 2‘TZCIX.
(2 _Ia 21T a2m
Simplifying:
+00 (z—x)2 _i
h) = - Ozje 20" @ 20°(x; and
T
oo | (Z7x)° X7
h) = 102 Ie{ ) dx; or
ZT —00
1 - [(z X) +x}
h(z) = —— | e? dx.
(2 21 o I

The calculation of the squares provides:
1 i —iz[ 7 —22><+2sz
h(z) = —— |e? dx.
(2) 2 _J;,

Reorganising, and noting the beginning of a square starting with x* - zx:

{Z(X —zx+Z )+z —24}
h(z) = j 20 dx: or
1
1 +oo —7{2(X— ) +f}
hz) = ——[e* 21 dx.
2o ?,
Reassembling differently we get:
+oo (X'*) 12
h(z) = je ot gt dx; and
Separating what is "constant” (in relation to the integral):
1 22 4o Z(X_g)z

h(z) = g2’ 2 Ie_ 20" (.

211 0°

Thisexpression iscomposed clearly of afirst part, which looks like the expression of some Gaussian, multiplied by
some coefficient K where:

+o00

Ie_7dx.

_Zy
2(x 2)

Noting that:

I e®d ‘f (asshown in clause D.1.3.4)
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and that a simple variable change (X = x - Z2) in theintegral providing K can give:

+oo_2X2 1
K = Ie 20* dX , it comesthat B = — ;ad
Zo g
T
k=T =odn
B
Replacing in the expression of h (2) we get:
1 1 2 +o Z(X_g)z 1 1 2
h(z) = ——e2°2 [e 27 dx= ———e2° 2 K;
(2 2 _Iw 2
L 2 oA
=1 ewz gfg=— 1 g

21T & o2\2rr
So wefinally have:

2

z
e 2\2)? which isthe expression of a Normal distribution having:

hg=— =
(o2)\2rr
U\/E asits standard deviation.

This calculation shows that, under these specific conditions (i.e. the two distributions are identical and have no offset),

the distribution corresponding to the addition of two Normal distributionsis another Normal distribution having U\/E
asits standard deviation.

It can be noted that the value found for the standard deviation ( U\/E ) is consistent with the general expression given in
clause D.3.3.3.

D.3.3.5.1.1.2 Case where two identical Normal distributions with different offsets are added

Let us consider two Normal (Gaussian) distributions having the same standard deviation and different offsets:

_(X_Xl)z
1 e 2 :and

yl_a 21T

2

(X_Xz)
1 - 2
e 29° corresponding to two independent random variables.

yz_a 21T

As above, clause D.3.3.1 provides:

h(z)= Tg(z—x) f (x)dx

as the distribution corresponding to the sum of the two independent random variables.

With corresponding notations, we get, calculating as above:

+00 1 _((z-x)-xl)2 1 _(x-;(i)2
h(z) = | ——e % e 29 dx.
(2) _La 21T o2

ETSI



Simplifying:

h(z) =

h(z)

h(z) =

The calculation of the squares provides:

h(z) =

Reorganising:

h(zz—j

And calculating, as above:

"D

h(z) = j

h(2)

udes

-1 [Z(X +x(x1—x2—z)+(Xl Xz Z))
20°

1
_ 1 -]:oe_%’{ { W} (%2 X2 +Z2 22 2X4Xp R2%) 224 422 ¥ -b(z}
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v ((z70)%)°
1 P e

271 0°

—0o

_(x—x2)2

20* dx: and

(x—x2)2

207

teo {((z )%)°

27_[02_[ } dx; or

to 1] z—x—x12+ x—x22
1 Iezaz[( F o )de.

N —i[ 22452 432 =22 42300 224 B X% +x22J
I 202

dx.

—0o

2x —2ZX+2 X%y —2XX 224 +72 +x1 o J

dx.

T _Tiz[ 2(X2 —2x+X06 ~X%,) 224 +2° +%° +x22J

dx; and

—00

2(x —ZX+XY XXy ) 224 +2° +x1 +x2J d o
X, Or reorganising

(Xl_XZ_Z) 22 2 'Kz}
dx;

dx;
2o -
h(Z) = ﬁf dX;
10 -,
2
1 b A
h(Z) = ﬁ I e dX;
0o -,
1 +00 _Ti{ { L )2(2 Z)} +2x1 +;x +;z Xy Do -le}
LG — je dx;
o -,
+oo - { W} [xl %7 +22 2xX, 22X, -ZZxJ}
h(z) = —— j dx;
27702
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Yoo — { L0a% Z)} [Z_(X1+X2)]2}

h(z) = j dx.

Asin the calculation above, it is easy to split thisintegra in several parts; and usng the above methods and results we
gEet:

1 5 etemr?| K
h(z) = Wew2 Tlfe A

and finally:
_ (z-(x+%))?

— 1 2(02)?
"= o

0~/2 asits standard deviation and an offset equal to X, + X, .

which isthe expression of a Normal distribution having;

This calculation shows that, under these specific conditions (i.e. same standard deviation and different offsets), the

distribution corresponding to the addition of two Normal distributionsis another Normal distribution having U\/E as
its standard deviation and an offset equal to the sum of the offsets.

The values of theresulting standard deviation and offset are consistent with the general expression givenin
clause D.3.3.3.

D.3.3.5.1.1.3 Case of two Normal distributions having different standard deviations
Let us consider two Normal (Gaussian) distributions having different standard deviations and no offset:

X2

1 -
-y = > e 20 ;and
T
1 =
2
- Y, :—2e 292" corresponding to two independent random variables.
T
Clause D.3.3.1 provides:

h(z)= Tg(z—x) f (x)dx

as the distribution corresponding to the sum of the two independent random variables.

With corresponding notations, we get:

g _(z%? 1 o
2 2
h(z) = I e " ———e®dx.
e ON 21T a2
Simplifying:
ro _(° %
2
h(z) = j e 2 e 2 dx;and
21 o,0, °,
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teo {(z X)?

h(z) = ;Ie 201 ZJJ dx; or
21 0,0, -,

02 (z-x) +0’1XJ

h) = - IeM% dx.

The calculation of the squares provides:

1
l +00 _f[ 02222 ‘1722 22x+(¢712 +022)x2J

h(z) = —— [e 2% dx.
@ ZNQQL

Reorganising, and noting again the beginning of a square starting with x2:

4o 1 {(Uz_mz){xz _ 20,2x + a,*7 }_ o, +gzzz}
h(z) = 2 ; I e 200 (0" +07’) (0242 | (aP+a?) dx; or
00, %,
_ 1 2 2 _ 0222 _ 07 2.2
_ ' 25712‘72{(0l e ){X (1712""722)} (G +07) Tt
hz) = - | dx;
730, -,
o — ] (012+022){x _ o' T o (o +0y° )Z -0,'7
h(Z) _ J‘ 20,0, (6°+0%) (G +0) dx
21 0,0, '
Reassembling differently, smplifying and separating what is constant, we get:
1 1 { 02 0’1 v } Yoo (al +o, )(x _ gfzzzz T
h(Z) — 5 e 2‘71 o) (aP+a?) Ie 20707 | (a"+ay") dx: or
73,0, 4
1 1{ 2 } Yoo (a1 +o, )(x _ 0’222 T
h(z) = 2 e L@+a)) J‘ e 2000 L (@] g
70,0, 4

Thisexpression iscomposed clearly of afirst part, which looks like the expression of some Gaussian, multiplied by
some coefficient K where:

2, 2 2
oo _(O°+0y )(x _ 0,z

2
K = Ie Zalzgzzt (1712""722)} dx.

Noting that:

J' e®qg \/g (asshown in clause D.1.3.4)

and that a simple variable change (X = x - Z2) in theintegral providing K can give:

to _(01+0)]) X2
- 2 2 g, +0.
K = Ie 2010, dx,itcomesthat B = g,and

201 0’2
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2 2
T _|2nd g _
(0, +0,) \(d'+7,)

200,

Replacing in the expression of h (2) we get:

1 z

1 ‘{7} 210 0y’

h(z) = ———e @] | Z28 2 which (hopefully!) can be smplified as
21 g0, CARTS)

h(2) L eZL"”J .
J@m(a’ + )

So wefinally get:

" 1
Jen(a +a?)

which isthe expression of a good Gaussian (Normal) distribution having:

(0 +0,°) asitsstandard deviation.

This calculation shows that, under these specific conditions (i.e. no offset and different standard deviations), the
distribution corresponding to the addition of two Normal distributionsis another Normal distribution having

J(0 +0,°) asitsstandard deviation.

Thevalue of 4/ (012 + 022) for the standard deviation is consistent with the more general expression given in
clause D.3.3.3.
D.3.3.5.1.14 Case of two different Normal distributions

Anyone willing to calculate the general case (and willing a so to possibly crash hisword processor a number of times
(which has occurred while typing clause D.3.3.5.1.1, a clause with less than 300 kBs, with Microsoft ™ Word 97 (on
Windows 95), with or without Math Type version 4 installed, with a diagnostic like "unable to save file: not enough
space on disk" while there were more than one hundred Mbs on the hard disk)) could try and write the corresponding
equations and would probably find (one day) the correct result.

However, it could be quite useless and painful.
In fact, the cal cul ations above show the structure of the complete cal culation:

- playing smultaneoudy with different standard deviations and offsets can only (as aready seen above) generate
termsin X%, xzand Z;

- asabove, the expression could have been split into two parts, etc.
- soat theend, theresult would have been some Gaussian like shape with complicated coefficients.

So, finally, we could only get an expression which could have been written as.
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Similarly to what has been indicated previously, clause D.3.3 provides the genera expressions of both the standard
deviation and the offset of the distribution (ys) corresponding to the sum of the independent random variables.

Therefore the values of sand O can be calculated directly from the offsets and standard deviations corresponding to
the random variables being added as follows:

with the notations used in this clause:

S=X tX,;and

o, =0’ +0,.
The corresponding distribution would therefore be:

_ (x=(%+%:))?
1 2(0'12""722)

Ys == > e
\/al +0, N2

D.3.3.5.1.1.5 Conclusion

The conclusion isthat, as already announced in clause D.1.3.3.1, Normal distributions are "stable€" when additions are
performed on independent random variables having both Norma distributions.

It is obvious that Normal distributions are also stable when the associated random variable is multiplied by a constant.
Multiplying one random variable by -1 and then adding another would correspond to a subtraction.

Since Normal distributions are stable when these two operations are performed, it becomes obvious that Normal
distributions are also stable when random variables are subtracted.

It can, therefore, be stated that Normal distributions are stable in relation to multiplication by a constant, addition or
subtraction of the corresponding independent random variables.

Obvioudy, the addition of any number of Normal distributions would also correspond to a Normal distribution.

The actual shape of the distribution resulting from the combinations of independent random variables corresponding to
different distributions, one Normal and the other rectangular, isnot provided in the present version of the report, and
could be atopic for further work.

D.3.3.5.1.2 Example of application
It takes me an average of:
- 21 minutesto go to my office; the distribution is Gaussian and the standard deviation is 10 minutes.
It takes me an average of:
- 25 minutes to go from my office to the airport; and the standard deviation is 10 minutes.
(the digribution is also Gaussian).
| need to go to my office, pick up the last version of TR 100 028, go to the airport and jump into a plane.
The departuretime dot isin exactly in one hour. What is the probability of missing my time dot?
Using the above, thereply isfully strait forward:
- thetime needed to go to the airport isthe sum of thetime to go to the office plus the time to go to the airport;
- the corresponding random variables are, therefore to be added;

- thereisnoindication that these variables are inter-related, so it will be assumed that they are independent;
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- thedistribution corresponding to the addition of two Gaussian distributions is, as shown above, also a Gaussian;
and

- the average (mean value of theresulting Gaussian) isthe sum of the averages, i.e. 21 + 25 = 46 minutes,

- whiletheresulting standard deviation is equal to the original deviation (both deviationswere equal to
10 minutes) multiplied by the squareroot of two, i.e. 14 minutes,

- the security margin is 1 hour - the average duration (46 minutes) i.e. 14 minutes (therefore equal to 1 sandard
deviation in our case);

- asseenin TR 100 028-1[17] and fully developed in clause D.5, the probability of being within plus or minus
one standard deviation is 68,3 %; but if | arrive earlier, thereisno problem so the probability of being intimeis
50 % plus one half of 68,3 % i.e. 50 % + 34 % = 84 %; and

- 16 %isthe probability of missing the departure time dot!

Obvioudly, bringing the original of TR 100 028 in timeis extremely important so a good security margin should have
been included.

Clause D.5.6.2 shows that in the case of Gaussians (Norma distributions) the usage of an expanson factor of 1,96
provides a probability of 95 % of being within the new limits.

In our case, once again, being earlier is not a problem so the multiplication by this"expansion” factor would have
provided a probability of 50 % + 47,5 % = 97,5 % of being in time, which, in turn would correspond to a probability of
2,5 % of missing the departure time dot.

In this case, the security margin should have been 14 x 1,96 = 28 minutes, and | should have left 14 minutes before, in
order to reduce to 2,5 % the probability of missing the departure time s ot.

In this particular case, increasing the security margin by 14 minutes would have reduced the probability of missing the
dot from 16 % to 2,5 % (general considerations on single sided limits can be found in clause D.5.6.2.8).

Further reductions of therisk can be envisaged, but no one is sure of not having an engine problem or atire puncture.

In the case where Normal distributions are considered, it isimpossible to reduce that probability to zero that is why
regular Airlines always count on their passengers understanding when they are late (passengers may understand, but not
necessarily therest of the World that is why some ETSI Chairman, trusting regular Airlines may have found someone
else gitting in the Chair when reaching the meeting room! (and possibly, someone not intending to give up the Chair for
theremainder of the meeting!)).

Such problems would not occur with finite distributions: if both distributions would have been rectangular (and would
have had the same parameter), then their combination would have been atriangular distribution (see clause D.1.3.2).
Under such circumstances, the problem above would a so have been easy to solve, and the resulting val ues would,
obvioudly, have been different providing, thistime, a chance for aworst case analysis and 100 % certainty:

- with finite distributions, it is also possible to implement a worst case approach, and be sure not to arrive late.

As shown above, Gaussians are stablein relation to the addition; should there have been another action to complete
before reaching the airport, it would have been possible to add its contribution in the same way.

As shown in the following clauses, in the case of rectangular distributions, the shape of the resulting distribution
depends on the number of contributions added. Theincrease of the security margin being specific of the shape of the
distribution in the case of addition of rectangular distributions, there would have been aneed to evaluate the expansion
factor for each particular number of contributions added. This could, obviously have been done, and implemented using
atable.

However, the fact that Gaussians are stable in relation to additions avoids the need to have atable of that nature when
handling Normal distributions; but, on the other hand, many cal culations on rectangular distributions are much more
simple.
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D.3.3.5.2  Adding several rectangular distributions

The case where two rectangularly distributed distributions are combined has already been addressed in clause D.1
(eg.inclauses D.1.3.2 and D.1.3.3): theresult obtained was respectively a triangular and atrapezoida distribution
(respectively in the case of identical parameters and of different parameters).

In order to simplify the presentation, only distributions with a mean value of zero will be considered here below, in the
remainder of clause D.3.3.5.2. However, noting that m, = m; + my (See clause D.3.3.3), it would be very easy to
generalize.

D.3.3.5.2.1 Adding several rectangular distributions having the same parameter

An examples using dice can be found in clause 4.1.3, in TR 100 028-1 [17]. This example, shows the result obtained
when successively throwing up to 6 dice. Even though, this case addresses discrete probabilities, the resultsare
comparabl e to those found with the combination of up to 6 rectangular distributions having the same parameter.

As seen on the corresponding figures, the shapes tend to the shape of a Gaussian when the number of combinations
increase.

It has, however, to be noted that even if a sum having an infinite number of terms would tend towards the Normal
distribution, in practical cases, thereisonly afinite number of contributions and:

- thereisstill an upper and alower bound (having the values + n A);
- sothereisstill the possibility of working on the basis of worst case methods.
Itis quite easy to see (although somewnhat lengthy) that the resulting distributions have the following properties:

- lsinglevariable =  rectangular shape > 1 horizontal line > degree0;

2random variables =»  triangular shape > 2 obliquelines > degree 1;

3random variables =»  parabolic segments > smoothed curves (no angles) =>» degree 2;

4random variables =  pieces of curves of degree 3;
- Nrandomvariables =»  piecesof curves of degreeN - 1.

NOTE: Clause D.3.3 provides the expression of the resulting digtributions asintegrals and not necessarily as
explicit functions. However, some of the properties indicated above can be found usng such type of
expressions.

Likewise, itiseasy to see that:

- lsinglevariable =  rectangular shape > p (x) has discontinuities;

- 2randomvariables =»  triangular shape > p (x) hasno discontinuities;
p' (X) has discontinuities;

- 3randomvariables =  parabolic segments > p (x) has no discontinuities,
p' (x) has no discontinuities;
p" (X) has discontinuities,

- Nrandomvariables =  etc.

Adding another distributionsto the Nth combination is like snoothing the Nth combination, while expanding its spread
by A (at each end of the "foot print" of the distribution).

This process obvioudy generates a digtribution slowly reaching infinity. A slow convergence into anormal distribution
appears asa possibility: not many functions offer, asthe exponentials do, an infinity of "good" derivative functions.
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D.3.3.5.2.2 Adding several rectangular distributions having different parameters

In practical situations, it is often found that thereisamajor contributor for the uncertainties, and then a number of
smaller.

So it can beinteresting to understand what may happen when afamily of rectangularly distributed distributions (having
adifferent parameter) are added together; et ustake an example:

- distribution 1 defined by A= A

distribution2  defined by A= qAg
-l
- digtributionn  defined by An= qAna.

Likein the previous example, theresult of the N first distributions (starting by the wider ones) isthen smoothed by the
N+1th ... and soon.

For g << 1, theresult is quite simple to be presented:
- sumofthefirg 1 distribution =  rectangle with spread A= A
- sumofthefirg 2 distributions =»  trapezoidal shape with spread A+ Az
- sumofthefirg 3 distributions =»  smoothed trapezoidal shapewith spread A+ Ay + Aj
- sumofthefirs n  distributions =»  smoothed trapezoidal shapewith spread S, =A; + A +...+ A,
The spread corresponding to n distributions can be easily cal culated:
S =AL A+ A,

S.=A+Aq+Ag+...+Aq™

S, = A(qO +....+q”‘l): Al=d
For g = (2/10), and a few distributions, this expression can be ssimplified:
1
S=A—=A(l+0g)=11A
= AT (1+a)=1,
More exactly, S, =1,11111 A.

A similar calculation can aso be made in respect to the standard deviations.

A A2 A2 (qp—l)2
P ando?="L= :
3 "7 3 3

O'p:

2n

2 A2 ) A% 1-
ZU ] =?(q0+q2+q(2)(2)....+q2(n 1)):? q

1—q2

As above, and for g = (1/10), and a few distributions, this expression can be simplified:

In aword, the standard deviation of the sum isamost equal to the standard deviation of the biggest contribution.

Interesting also to note that the standard deviation of the sum, multiplied by square root of 3 isalmost equal to the tota
span of the sum of the distributions.
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Should this situation be found, by multiplying the RSS of all the contributions by square root of 3 (= 1,732), the new
value would provide aworst case approach for the measurement uncertainty (or ameasurement uncertainty with a
100 % confidence).

The usual factor of 1,96 (providing a confidence level of 95 % in the case of a Normal distribution) would therefore be
much larger than the factor needed in this particular case to provide a confidence level 100 % the worst case.

D.3.4 Linear combinations of random variables
This clause deals with:
H=AF +4G.

Where F and G areindependent random variables and H a combination thereof, and A, p are (positive) constants.
D.3.4.1 Evaluation of the corresponding distribution

D.3.4.1.1 Using a direct method

Holding the breath for a while, and using the step by step approach used in clause D.3.3.1, it would be possible to reach
the result. However, the discussion relating to the effect of the various signswould split the work in anumber of cases
making it even longer. Therefore, the following clause provides a way much more elegant to reach the results.

D.3.4.1.2 Using the "Building blocs" method

As opposed to the "direct method", with the method using "building blocs’, several of the above properties are applied
successively in order to reach the sought result.

[F=> f(x)] = [AF(UA]) T (X))

(G ay)] 2> [WG2([Vu) gym) ]
By a double direct substitution (usng clause D.3.3.1) we get:

H = AF + 1G -)h(z)=I(

1 X (z=x)
E‘) f(} ) Q(T) dx.

D.3.4.2 Verification
Should h (2) be adistribution:

Th(z)dz =1

applies.
The other property (h (2) > 0) is obviously met.

D.3.4.3 Means and standard deviations
The method used in clause D.3.6.3 can aso be used in this case.
As aresult the mean vaue, my, is:

My = A m; + gmg
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and "standard deviation" gy, isthen:

ah2=A2af2+'uZa§2

D.3.4.4 Examples

In clause 6.5.5 of TR 100 028-1 [17], atheoretical analysis of 3" order intermodulation is given. It provides a linear
combination of terms.

The calculations provided in clause D.3.4 allows for the explanation of the usage of coefficients 1, 2 and 1/3 found in
the components corresponding to the intermodulation, in relation with the RSS eval uation.

D.3.4.5 Extrapolation

This clause covers the case of:

H=AF+A,F,+..+AF

n

where Fy, F,, ... F, areindependent random variables and H the combination thereof, and where Aq, Ay, ... A are
constants.

D.3.45.1 Extrapolation in the general case
The expression of the digtribution may be somewhat awkward.
However, it is quite easy to group step by step the various random variables and to establish, asaresult that:
- themeanvalue, m,, is:
My = Ap Mgy + Ao Mt ..+ Ay Mgy
- and "gandard deviation" oy, is then given by:

G2 =A% O+ A G+ . A O

D.3.4.5.2 Extrapolation in a particular case (RSSing)
When all A areequal to 1 thisrelation does simplify into the RSS (the core of the "BIPM method"!).

Therefore, RSSing is valid for the additive combination of independent random variables, where all coefficients A are
equal to 1.
D.3.4.5.3 Using differentiation

When the equations of a system can be expressed asV =V (Xy, ..., Xa), and it is possible to evaluate dV asdV = A; dx;
+ ...+ Ay dx, or (dV/IV) = A dxg + ... + A, dX, then the above expression:

G2 =A% O+ A G+ . A G

provides the statistical properties of dV or dV/V as soon asthe statistical properties of dx; ... dx, are know (e.g. then
adxn):

2 2 2 2 2 2 2.
Oy = A" Opa” + A" O™ + ... +A0" Ogan”; OF
2 _ 2 2 2 2 2 2
Owv = A1" Opa™ + A° O™ + ... +Ay" Goxn
as appropriate.

Thisrelatesimmediately the uncertainties corresponding to the various € ements of a measurement (i.e. the various
contributions to the uncertainty), x; to the uncertainty of theresult (i.e. the combined uncertainty).
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Further proposal's concerning methodol ogies to relate systems (e.g. ameasurement set up), random variables and
uncertainties can be found in clause D.5.
D.3.4.6 Case of non independent random variables
This clause covers the case where:
H=AF+uG
F and G are non-independent random variables and H isa combination thereof, while A and p are constants.
Under such circumstances, F can bewritten ask G.
Therefore, H = (Ak + 1) Gand:
h(@=TAk+w)g@Ak+ ).
Asaresult the mean value, my, is (using clause D.3.2):
my = (Ak + 4) mg
and "standard deviation" g, is then:
= (Ak+ ) oy or
o’ = (Ak+ 4P oy

These results are very different from those found above, when the random variables were independent.

D.3.4.6.1  Comparison between results
If F and G had been wrongly handled as independent random variables:
a’ =X & + ffaf
which, having, in reality:
g =Koy
would have given:
2= K af + (o = (NP K + 1f) gy instead!

This shows how important it isto assess, before any attempt to use "the RSS' method to identify which are the
independent random variables which may be quite difficult, if the system has not been analysed globally.

Great care hastherefore to be exercised while using the compl ete devel oped examples of calculation found in the main
body of thisTR, in order to identify, for a particular test set up, which are the independent random variables, and which
are those which, for one or another reason, are in fact linked together (e.g. isthe room temperature the same for all
components, or not; has one particular insrument been used twice in the same configuration, or was it another
instrument of the same type or another configuration).

Therefore, the cal culations may differ from onetest set up to another test set up even if they look almost identical (see
also clause D.2.4).

D.3.4.6.2 Conclusions

As(a+b)? =& + b” + 2ab, when aand b are positive, (a + b)? > & + b°.

Thisimplies that taking random variablesfor independent when they are not, may lead to uncertainty values
smaller than they arein reality (under estimation of the uncertainties).
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D.3.5 Subtraction of random variables
This clause deals with:
H=F-G,

where F and G areindependent random variables and H a combination (subtraction) thereof.

D.3.5.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:

- the probability P of having the random variable F having avalue x such that:
3
X1 <X<X2is P, = I f(x)dx.
%

Similarly, we can consider:

X

P, (9= [ (O dt,

and therefore (by differentiation):
dPs = f (x) dx.

When G isalso arandom variable, characterized by the fact that the probability of G having a particular valuey is given
by the probability density g (y), then, by definition:

- the probability P, of having the random variable G having avalue y such that:

Y2
yi<y<y:is P, = [g(y)dy.

1

Similarly, we can consider:

P, (Y) = [gt)ct,

and therefore (by differentiation:

dPy = g(y) dy.

Should H be the random variable resulting from the subtraction of F and G, then its probability density h (2), isto be
evaluated.

For each valuex of F and y of G, the value z of therandom variableH is: z=x - y.
A way to evaluate h (2) isasfollows:
- the probability of having the value of F within avery small interval [x, x + dx] isf (x) dx;

- the probability of having the value of G within asmal interval [yi, yo] isd(y) (V2 - Y1) =g (y) Dy where
Dy=y,-y;; and

- whereitisassumed that g(y1) = g (y2) =g () (theinterval issmall).
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The interval within which zremains has to be looked at with attention.
y1 <Yy, therefore-y; > -y, and x - y; > X - y, implying that z > z.

Under both of the above circumstances, we get the value of H within [z, z] where z = x - y; (neglecting dx, very small
compared with Dy) and the probability of such an event (the contribution of dx in h(2)) isf(x) dx g(y) Dy (the
probability of having both eventsisthe product of the probability of having each event, when the events are
independent).

When Dz = z - 2, by definition, h (2 Dzisthe probability of having the value of H within [z, z] and is, therefore, the
sum of the probabilities of all theindividual contributions, corresponding to all values of x:

h(z)Dz= jg(y)Dy f (x)dx.

Since Dz=2z -2 =X-Y1- (X-Y2) =¥2 - Y1 = Dy, we have Dz = Dy and noting that y = x -z, the integral above
becomes:

h(z)Dz= [g(x~2)Dz f (x)dx
which can be simplified into:

h(z) = Tg(x—z) f (x)dx

This equation provides the value of h (2) asafunction of f (x) and g (y)... which isthe relation between the probability
densities corresponding to the random variables F, Gand H.

D.3.5.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (2) shall be such that:

- h(2=0;
- Th(z)dz =1

It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Obviously, when X  f(X)=0 and Oy  g(y)=0; then h(2)= 0.

Concerning the second relation, verifications can be donein a generic manner (i.e. not depending on specific
distributions):

+00  +oo

Th(z)dzz j jg(x—z) f(x) dx dz = Tf(x)[Tg(x—z) dz ] dx

By introducing t = x- z (= dt = - dz, where x is considered as a congtant), this equation may be transformed into:

+i

=Tf(x)[_fg(t)(—l) dt ] dX:Tf(x)[T g(t)dt ] dx:Tf(x)[l] dx = ff(x)dx:l.

—00

Which ensuresthat h (2) can be a proper probability density function characterizing some random variable (hopefully
H, should the above cal culations be correct!).
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D.3.5.3 Means and standard deviations

The method for evaluating the mean and the standard deviation for anumber of operations discussed in clause D.3is
very similar.

D.3.5.3.1 Mean value

In the case of a subtraction of random variables, it has been shown that the resulting dendity of probability is:

h(z)=+JEo g(x-2) f(x)dx.

The general expression of m;, being:
+00
m, = [ zh(2)dz,

it comes that:

+00  +oo

m = [z] 9(x-2) f(x)dxdz;

—00 =00

+00  +oo

m = [ [[z g(x-2)dz f(x)dx.

For each particular value of x, theinternal integral can be easily calculated by a simple changein variable: t=x - z.

Under these circumstances, dz = -dt and:

+00  +o0o +o00  +oo +

m, = j [jz g(x—-2)dz] f(x)dx = j [j(x—t) g(t) dt] f(x)dx= j (x=m,) f(x)dx

and m, =m; —m,.
As aresult the mean value, m,, is:
My = M- My

which isvalid independently of the distributions addressed (i.e. should they be normal or not).

D.3.5.3.2 Standard deviation

In the present case, we have:

h(z)=+JEo g(x—-2) f(x)dx.

The general expression of s, being:

s’ = j 72 h(2)dz,
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it comes that:
sc=[Z [ a(x-2) f(xdxdz;

+00  +oo

s’ = j [jz2 g(x—-2) dz] f(x)dx.

—00 —00

For each particular value of x, theinternal integral can be easily calculated by a simple changein variable: t=x - z.

Under these circumstances, dz = -dt and:

+00  +oo +00  +oo

s’ = j [Izz g(x-2)dz] f(x)dx = j [I(x—t)z g(t) dt] f(x)dx;

—00 —00 —00 —00

+00  +oo +00  +oo

se= [ [ (<=0 gt dt] Fgax= [ [[ (¢ -2xt+t%) g(t) dt] f (x)dx;

-0 —00 -0 -0

+00  +oo +00  +oo

7= [ [J (¢ -2a+t) g) d] f (k= [ [[ (Co(t)-2xg(t)+t*g(t)) ] f (x)x;

s’ = f [OC@)-2xm, +s,”) ] f(X)dx=s,"—2m, m, +s°.

Noting therdlation O ?=g?—m? (or s=0%+ m2),
we then get:
2 2 _ 2 2 2 2
o, +m° = (o +m") -2m; m; +(g,” +m,")
2 2 _ 2 2 2 2 . .
o, +m =0, +m"-2m, m;+0," +m;" andreplacing m by its value

a.2+(m, —mg)2= of+m’-2mm+o,’+m’

and, after lots of sweat and tears, and noting that (mf - mg) 2= mf2 -2m, m, + mg2
we get (simplifying):

0_h2 — 0_f2 +0_g2,
which isvalid independently of the distributions addressed (i.e. should they be normal or not).

(alternatively, it could have been written:

2_ .2 2
Oh =Sn —My

2 _ 2 2
s, =0, +m,
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Hence:

0-h2 +(mf _mg)2 :Sf2 —me mg +592

o, +m%—2mmy +m,% =2 - 2mm, +s,°

2 2 2 2,2
On”+me”+my” =s;" +5,

th=Sf2—mf2+sgz—mgzzaf2+agz

which provides the sameresult).

D.3.5.4 Examples

The fact that RSSing is used for both additions and subtractions of random variables may have hidden the use of
subtractions in the numerous examples found in the present document.

Substitution measurements are favoured for radio equipment. Thisis certainly an area where subtractions may have to
be performed.
D.3.5.5 Subtracting several distributions

In order to avoid problems with the signs, operations involving several distributions have to be done more carefully than
in the case of additions, e.g. handling one operation at the time (step by step approach).

D.3.6 Multiplication of random variables
This clause deals with:
H=FG.
where F and G areindependent random variables and H is a combination (multiplication) thereof.

Problems may be found, when the value of F or G is zero (or too often equal to zero, creating possible convergence
problems). Should this occur, then in that particular case, careful attention should be devoted to the situation.

Aswritten above, the operation is symmetrical in relation to F and G. However, the expression found below is not.

By exchanging therole of F and G (or therole of x and y) another expression may be found, which, in some cases could
be more friendly for a particular usage.

D.3.6.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:

the probability P of the random variable F having avalue x such that:
X
X1 <X <Xpis P, = j f(x)dx.
%

Similarly, we can consider:

X

P, (X) = j f(t) dt,

—00
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and therefore (by differentiation):
dPs =f (x) dx.

When G isalso arandom variable, characterized by the fact that the probability of G having a particular valuey is given
by the probability density g (y), then, by definition:

- the probability P4 of the random variable G having a valuey such that:

Y2
Vi<y<yis B, = [g(y)dy.

1

Similarly, we can consider:

P, (Y) = [ot)ct,

and therefore (by differentiation):

dPg = g(y) dy.

Should H be the random variable resulting from the multiplication of F and G, then its probability density h (2), isto be
evaluated.

For each valuex of F andy of G, the value z of therandom variable H is: z = xy.

In fact, in the following, the Stuation is dlightly different when x < 0 (the Stuation is comparable with that discussed in
the case where A was negative, in clause D.3.2).

The way to evaluate h (2) isquite simple, and isgiven in the following:
- the probability of having the value of F within avery small interval [x, x + dx] isf (x) dx;

- the probability of having the value of G within a small interval [yi, y2] isg(y) (Y- Y1) = g (y) Dy (where
Dy =Y2-yy; and

- whereitisassumed that g(y1) = g (y2) =g (), Dy being considered as small);

- when both events occur, then, the value of H iswithin [z, ] where z = x y; (neglecting dx, considered to be
very small compared with Dy) and the probability of such an event (which provides the contribution of dx in

h(2)) isf(x) dx g(y) Dy.
Casewherex > 0.

When Dz =z, - z,, by definition, h (2Dzisthe probability of having the value of H within [z, z] and is, therefore, the
sum of the probabilities of all theindividual contributions, corresponding to all positive values of x:

h(z)Dz= [g(y)Dy f(x)dx.

Since Dz=12,-7 =X Y2 - X Y1 =X (Y2 - Y1) = X Dy, we have Dz = x Dy and noting that y = z/x (X non zero!), the integral
above becomes:

h(z)Dz= Tg(z/x)(Dz/ x) f(x)dx.

Casewherex < 0.
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When Dz =z, - z,, by definition, h (z2Dzisthe probability of having the value of H within [z, z] (where[z, z] isan
interval and therefore z; < z,) and is, therefore, the sum of the probabilities of all the individual contributions,
corresponding to all negative values of x:

h(z)Dz= jg(y)Dy f (x)dx.

Since Dzand Dy areintervals, Dz=2 -z = | X|Yy2- | X|Y1=| X | (Y2 - Y1) = - X Dy, we have Dz = - x Dy and noting
that y = z/x (x non zero!), the integral above becomes:

h(z)Dz= Tg(z/ X)(=Dz/x) f(x)dx.

Taking into account both positive and negative contributions of x, and ssmplifying by Dz, the two expressions above
can be combined into:

n(2)= [ (

1‘) (%) f(x)ax.
X X

Thisrelation provides the value of h (2) asafunction of f (x) and g (y)... which isthe sought relation between the
probability densities corresponding to therandom variablesF, Gand H.

NOTE 1: When F or G take zero as a value, then the value of H isalso zero, independently of the other random
variable.

NOTE 2: Inthe expression above, f and g haveroles dightly different, which isnot the casewithH = F G.

As aresult, the expression (obtained by permutation):

n(2)= | (

EbQW)ufmw
y y

should be as much appraopriate as the expression given above, but could be more convenient in some casesi.e. when the
variable y can be mapped to a physical variable which never reaches zero.

D.3.6.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (2) shall be such that:

- h(@=0;
+00
. j h(2)dz =1.
Itistherefore wiseto verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.
Obviously, when X  f(X)=0 and Oy g(y)=0, then h(2)= 0.
Thissituation is close to that when lambda was negative in clause D.3.2.

The verifications can be done in a generic manner, but with the help of the function € (see clause D.3.10.3):

+00  +oo

Th(z)dz = I Ig(z/x)(s/x) f(x) dx dz = T(s/x) f(X) [Tg(z/x) dz] dx

—00 —00
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By introducing t = Z/x (=» dt = dz/x, x being considered as a constant, within the inside integral), this expression may be
split into 2 parts and then transformed into:

> T(l/x)f(x) (x)[T g(t)dt] dx= Tf(x) [1] dx = I,
whenx>0and €= 1.
And > jl(—llx)f(x) (x)[_f g(t)dt] dx= Tf(x) [1] dx = J,

whenx<0and € =-1.
Finally, it can be noted that | + J= 1, which ensures that h (2) can be a proper probability density function
characterizing some random variable (hopefully H, should the above calculations be correct!).

D.3.6.3 Means and standard deviations

It has been indicated above that, using the function €:
B +o00 1 Z
h(2)= [ (=) 9(5) f(dx.
s EX X
The general expression of m;, being:

m, = T z h(z)dz,

it comes that:

+00  +oo

m, = f z j () 9() (x)axdz;

T et 2
m, __[, Ol f z g()dz] T (ax.

For each particular value of x, theinternal integral can be easily calculated by a simple changein variable: y = (z/x).

Under these circumstances, dz = x dy and, splitting again into 2 parts:

me= [ OLfz 9 fek= [ Oy gxay] f k= [ (Obomy] f (9o

_o _1+oo 2 _O_l—oo _Ol |
m"___[, (7)[_[02 9(_)dz] f(X)dx—_J; (7)[+ijy g(y)xdy] f(x)dx—_J; (o] f (e
and reassembling the 2 partsit comes that:

m:%Tx f (x)dx=m,m,.
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As aresult the mean value, my, is.
My =M Mg
which isvalid independently of the distributions addressed (i.e. should they be Normal or nat).

A similar method can be used for the standard variation:
s’ = I 7’ h(2)dz.
Therefore:
st Lor€ [z s © L, (z
= —g| — |f(X)dxdz= | = f(X)| | z°gl — |dz [dx
o= [ Foo oo v 129 e

Integrating by substitution, disassembling on € and reassembling (as above):

oo g £ [ X3 ) )

s =]t (x)( | (xy)%(y)dy(x)jdx =] f (x){ | ng(y)dyjdx =s,” X f (dx=s,%s”

Noting:

Then:

2 _ 2 2 _ 2.2
S =0, +my° =Sy

Doy?+my? =(0,% +me? Yoy +my?)
The expression above:
G’ + my’= (0F + m?)(g5” + mg)

recalls to a certain extent that found for the addition of random variables.

D.3.6.4 Examples

The results found above are the basis for the handling of influence quantities, in clause D.4.1.

D.3.6.5 Extrapolations

Independently of the digributions handled, a step by step method based on the properties shown above would provide,
fo H=FGK:

My = My My My; and
ahZ + mh2: (af2 + mf2)(aé2 + ng)(q(2 + me).

A similar expression will befound in clause D.4.2.2.
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D.3.7 Inversions and divisions

Again, it would be possible to find the sought results either by direct methods or by application of clauses D.3.9 and
D.3.11 or with clause D.3.10.

The latter approach has been preferred: rather than starting from scratch (as done for the multiplication in clause D.3.6),
a step by step approach using results already established ("the building bloc approach™) was used to establish the
properties relating to:

Y=1UXandH =F/G.

D.3.7.1 Evaluation of distributions corresponding to inversions
(The notations proposed in clause D.3.10.6 have been used).

This clause deals with Y = 1/X (using the character set Monotype Corsiva), where X isarandom variableand Y isits
transformed by the inversion g, where g is obviously a function of one variable which is monotonous (therefore
clauses D.3.9 and possibly D.3.10.3 apply).

X isarandom variable characterized by the fact that the probability of X having a particular value x is given by the
probability density X (x).

By definition, the probability P of having the values x taken by the random variable X such that:

X1 <X<Xpis P= IX(X)dX.

X

Similarly, we can consider:

P (X) = jSX(t) dt,

and, by differentiation:
dPx = X (x) dx.
Y istherandom variable which probability density is'Y (y) (to be evaluated).
- g [xDdy=g()=1x
- g Ix Dy =gK=-1x
Asaresult from clause D.9.1:

_ (@)
h(z) = -9 _\4))
)

X(@'Y) e
9'(g™ ()

gty > x=1y.

or, with the notations used here:

Y(y) =
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Therefore we have:
1 1
X (;) X (;)
‘g'()‘ “ y
y
Finally, the sought probability density is:
1 1
YY) =— X(=)
y y

D.3.7.2 Verification in the case of the inversion
Obvioudly Y is positive.
Should Y be a distribution then:

1
+00 +00 X(i)

[ Y(ndy =] yzy dy =1 would betrue.

— 00 — 00

Thisintegral can be easily calculated using the variable x such that:
x = Uy 2> dx = -(dy)/y’

and, asaresult:

+00 0 +00
[Y(dy= [ Y(y)dy+ [ Y(y)dy replacing Y by its expression.
—00 —00 0

N XL xA
I Y(y)dy = I yzy dy + I y dy or after the substitution.
—00 0

2

—00

[ Yoay= 28 e | 200y

+o00 —00

[ Y(dy=~] X(x) dx- f X (X)dx (by simplification).

—00 0 +o00

+o00 —00 +o00

j Y(y)dy:—j X (X) dx:jX(x)dx:l.

—00 +o00 —00
and Y fulfils the 2 requirementsindicated; so it can be avalid expression for a probability density.

The method used for the verification can be extended to support also the calculation of the mean, bel ow.
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D.3.7.3 Means and standard deviations in the case of the inversion

D.3.7.3.1 Mean value

By definition, the meaniis:

= [ Y(y)yay.
Replacing Y by its value provides:

+wX()

Thisintegral can be easily calculated using the variable x such that:
x = Uy 2> dx = -(dy)/y’

and, asaresult:

+00 0 +00
I Y(y) ydy = I Y(y) ydy + I Y(y) ydy andreplacing Y () by its expression gives;
—00 -0 0

. o X() o XO)

[ Y(y)ydy= I ;
[ Yoyay=| &?(—yZ)@)dﬁ [ 20 cyndyux
el 0 Y X el X

+o00

| Y(y)ydy:—TX(x) (%)dx j X(x)(—)dx

—00 0 +0o

m, :T Y(y)ydy=—_f X (X) (%)dxz]w X(x)

+00 —0

dx.

This expression looks like moment (-1) of the probability density X ... not that much friendly!
NOTE: Thisexpression could have been obtained directly using the results of clause D.9.3.

However, since this expression is somewhat different from expressions found in other clauses of the present annex, it
was felt wise to obtain it also directly.

D.3.7.3.2 Comment concerning the mean value
As indicated above:

X(x)

m, = I
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Should the distribution X correspond to a constant o, then, the above expression could be smplified:

rny = I &dx:if X(X)dX:i(l) :i
S X X %o Xo X
and we would also have m, = X; .
) 1 1 .
Inthis case (only) wewould get: m, = — = E ... An expression that we could have expected.

D.3.7.3.3 Standard deviation

Theresultsfound in clause D.3.7.3.1 support a calculation of the standard variation using the results of clause D.3.9.3
which provides directly (by substituting the names of the variables):

+o00

of+m?’= f 909)* X(9) dx= |

—o0

X(Zx)dx.
X

Asin the case of the mean, should the distribution X correspond to a constant Xo, then, the above expression could aso
have been simplified:

X0 o= (12 | x o= (L
X XN e X

+00
2 2 _
g, +m, _I

1
and wewould alsohave: m =X, and m = —.
%

In this case (only) we would get: Uy2 + my2 = Uy2 + (i)2 = (i)2
%o %o

And Jy2 = 0 which isfair for aconstant!

D.3.7.4 Examples of inversions

Ohm'slaw can be expressed asv=r i, aswell asi = vir.

D.3.74.1 Evaluation of the distribution

To smplify the calculations, in the following, v = 1 (clause D.3.2 indicates how to handle a multiplication by a
constant, so it is very ssimpleto introduce another value and to derive the corresponding result when necessary).

Using the notations of clause D.10.6, we can therefore consider the case where R isarectangular distribution.

In this case, the probability density | isgiven by clauseD.3.7.1i.e.

Y(y) = iz X (E) wherey = 1/x.
y

The redation between therdevant variables is as follows:
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And with the appropriate names of variables and notations, we get:

1 ord),

1()=
where R isarectangular digtribution with aspread from ry tor, or 2A (as defined in clause D.1.3.1).

_ ~_1 1 o
When ry < (i) <rpthen I(i)= = ﬁ; otherwise| (i) = 0.
|

The corresponding distribution istherefore represented by a chunk of curve between two vertica lines (corresponding
to 1/r; and 1/ry), looking like a somewhat trapezoidal digtribution.

D.3.7.4.2 Evaluation of the mean value

The general expression for the mean value is provided in clause D.3.7.3.1, and as aresult, in the case of arectangular
distribution:

+o00 Iy Iy
_ [ RO _J' R(r) _J' 1,1 r .
= | —=dr= dr = dr =—[L 2;and
m .[ r ' r ' 2Ar ' 2A[ og(r)]rl o
f

—00 rn

-1 2
m —ﬁ[LOQ(rl)] :

Noting that if roisthemiddlie of [rq, r2], we haver, =ro+ A and ry =rg - A, m; can be expressed as:

m = —[Log(———)] =—[Log

1 I’0+A 1 1+A/I’0
2A° Trg-A" T2AT T1-Alr

When A issmall compared tory... we can use Log (1 + x) equivalent to x and, therefore:

1 2A 1
= —[(+Alrg) —(=Alr, = =,
SallATo) = (CAII) =54 o To
not very surprising (but gives confidence!): whenv=21andr =ro... i = (V/r) = Urg!

The approximation used for the expression of m; although precise enough for the purpose of this clause, hasto be
enhanced for the needs of clause D.3.7.4.3. Asaresult, a better approximation of Log (1 + x) has to be used:

x* X
Log(1+ x) = x—?+§+s(x3) :

1 1+ A/ ro
And, therefore, m =ﬂ[|-09

1
=—(Log(1+A —Log(1-A
T Airg] =AU ATTo) ~Log(Alfo)

1. A 1A, 1A, A, AL 1, A, 1, A, A,
=—J(—)—-=(—) " +=(—)"+&((— -((——)—-—=(—)"+=(—)"+&((—

m 2A[((ro) 2(ro) 3(ro) ((ro))) (( ro) > ro) 3( ro) ((ro)))]

and, after another crash of Word 97™ with loss of information another attempt to type in the text provides:

1 A 2 A, Aav,_ 1. 1A 1, A,
m _ZA[(Z(E) +§(E) +£((E) )] _E[l+§r_2+2_A£((E) g

0

another expression of the mean, which will be used in the next clause.
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1 1A
It can be noted, that the offset relating to the mid-point isequal to: — 5 —-
I I

The value of this offset was not visible with afirst order approximation.

D.3.7.4.3 Evaluation of the standard deviation

What would then be the standard deviation ? Its value, in the general caseis provided by:

X(x)

a+my I dx.

When R isrectangularly distributed, we get:

+00 My r
2,.2_ [ R _J' R(r) _J' 2 1
.S 4 = —7dr = dr = - - —
g m J. |’2 r r2 r |’2 ZA[ rljl’l ZA(I’l r2)

£ f

When writingr, =ro+ A andry =1 - A, as above, and using approximations, we get:

, .1 1 _ 1 1+ (A/r,Y
g tm = ) -2 2N 2 !
Nt @A) A=Al A= (A

and replacing the mean by its approximate value:

M=l g e+ R

0

. (1Y 1Ay, CL2A A
m —(r—j [1+§r—+ (( ))] —(—j [1+3r Zf((a) )]

0 0 0 0

and:
2 2 2
ai”ﬁ R Gl SEALCULO R ¥
rO 0 O 0 0
or, finaly:
1 A 2, 1 A1
ol=— 5 (-9 =" =.
o Iy 3 ", 3

NOTE: It can be noted, that the use of afirst order approximation for the mean would provide awrong result:

> 1
+ 2 i 2
o f'o o

~

2 2
- Lr(A) el A ri_

This value would have been in excess of the correct value found above.
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D.3.7.4.4 Comments concerning the standard deviation
The result found above (in clause D.3.7.4.3) isnot surprising:

- itrecdlsthe expression of the standard deviation of arectangular distribution having, as afoot print, the
extremes values of the intensity corresponding to the extreme values of the foot print of R;

- it can also be noted that the "simplification™ v = 1, resultsin theloss of theterm expressed in V, and, therefore, a
checked based in units (see clause D.3.10.7) becomes difficult.

Asaresult, it can be wise to reintroduce this constant v. Using the results of clause D.3.2, we get:
1AV

]2 2 -

3r,” 1,

2
i

\%
m =— and g;
rO

With these values, should afootprint of i have been defined by its spread of +B, then, we would have had:
B

— =— , when requiring corresponding extreme val ues.
IO rO

For arectangular distribution i of spread of +B, then we would have had (see clause D.1.3.1):

B> _ A _1 A o VP
O =—=—"2==""i? where i’ =—5, and therefore,
3  3r, 3r, r
g2zl A VP
B 52 T2
3 0 0

The two expressions 0“32 and Uizz
- resulting respectively from arectangular distribution (i =» +B); and
- fromtheinverse of arectangular distribution (r = +R);

have obvioudly the same structure and, with the approximations made, the same coefficient.

Therefore, in order to find differences due to the differences in the shapes of the corresponding distributionsit would
have been necessary to use approximations at an higher order, so that the influence of the approximations made in the
calculations of the standard deviation would not have hidden the effects!

However, this example shows the method to handle this type of problems and type of results which can be expected
when using the methodol ogy devel oped in this clause.

D.3.7.5 Evaluation of the distribution corresponding to divisions

(The notations proposed in clause D.3.10.6 have, once again, been used).

This clause deals with H = F/G (using the character set Monotype Corsiva).

Where F and G are independent random variables and H is the result of the division of F by G.

Let Y betheinverseof G ... H can therefore be considered as the product of F by Y and clauses D.3.6 and D.3.7.1 apply:

- Y=UG D H=F*Y.
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When F isarandom variable characterized by the fact that the probability of F having a particular value f is given by
the probability density F (f), by definition, the probability P of having the values f taken by the random variable F such
that:

fy
f,<f<t,is P= jF(f)df .
fy
Similarly, we can consider:

PF(f)sz(t)dt,

and therefore (by differentiation):
dPr = F (f) df.

When G isarandom variable characterized by the fact that the probability of G having a particular value g is given by
the probability density G (g), by definition, the probability P of having the values g taken by the random variable G such
that:

9>
g <g<gis P= IG(Q) dg.

9

Similarly, we can consider:

R.(9)= [GOdt,

and therefore (by differentiation):
dPg = G (g) dg.
H isthe random variable which probability density isH (h) (to be evaluated).

By definition, Y istheinverse of G and, therefore, its probability density is (see clause D.7.1):

Y= G
y

y

The probability density of the product of random variablesis, according to clause D.3.6.1:

1 z
ma:jo$ge)umm.
2 X X
With the variables and notations used in this clause:
| h z =2H h
| f x =2>F f
| gy 2Yy
and we get:
w1l h - _
H(h)= | (T‘)Y(T) F(f)df or, substituting Y () by its value:
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© 11 1
wT)h2
7)

W eely rityr = | ey Fent,

20g = ()

G(%) F(f)df .

After simplification we get:

or using € asproposed in clause D.10.3:

H (h)= j (h)ZG( ) F(f)df .

D.3.7.6 Verification in the case of divisions
Obvioudly H is positive.
Should H be adistribution then:

+00 +oo

IH(h)dh [ [ fiec )F(f)dfdh 1 would betrue.

LN

Reordering the terms we get:

400  +oo

IH(h)dh j[j G( —) dhl f F(f)df .

Theinternal integral isnow easy to calculate using anew variable zand considering f as a constant:

z=f/h 9 dz = -(f dh)/h? and, as aresult,

when f (and €) is positive;

+00 +oo

[()G()dh j G()dh I(rlTG(%)dh;

0

—00

+o00

e an=| Le@ dz+ G(z) (- 1) dz;
(hf h ()

0

—o00

+o00

1% 1
| ()G( Ty dn= j G()(l) +T_J;G(z)dz=T;

—00

when f (and €) is negative:
+00 +oo

j()G()dhj G()dhj'ﬁe(%)dh;

0

—00

Toe o fy -l N L s N
| WG(F) dh= | WG(Z) ( 1)sz+j (h)ZG(z) (-)dz

—00 0 —o00
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+o00

1°¢ 1
| ()G( ) dh= j G(z) +T_J;G(z)dz:T.

—00

In both casestheresult is expressed in the same way, so finally we have:

+o0  +oo +oo 1

IH(h)dh j[j G( -) dh] f F(f)df = < FF(f)df =TF(f)df =1;

—00 —00 —00

and H fulfils the 2 requirements indicated; so it can be avalid expression for a probability density.
D.3.7.7 Means and standard deviations in the case of divisions

D.3.7.7.1  Corresponding evaluation

The mean and the standard deviation are provided, in the case of amultiplication, in clause D.3.6.3, with the notations
of that clause:

— 2 2 _ 2 2 2 2
m,=m;my and 0, +m°=(c;"+m’)(o,” +m°).
With the present notations, we get for the mean:

m, = m; M, and substituting my by its value, asgivenin clause D.3.7.3.

m, = I X(X)dx

the expression of the mean becomes, with the appropriate variables:

e
m, = m; I%dg.

—0o

With the present notations, we get for the standard deviation:
2 2 _ 2 2 2 2
o, +tm" =(o;"+m)(o,” +mS)
and substituting (Uy2 + myz) by its value, as given in clause D.3.7.3:

+00
2 2 _ X(x)
gy + m, = I NG

—00

dx,

the expression providing the standard deviation becomes, with the appropriate variables:

G(g)

S+m?=(o’ +mf)j dg.

D.3.7.7.2 Comments

Clause D.3.6.3 provides:
m, =m, m; .

Using once again Ohm's law, wehavev=ri,and m, =m m.
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Asaresult, of aquick calculation, it could have been tempting to write;
-m
m=—.
m

However, theresult provided above, in clause D.3.7.7.1is:

+00
m, = m I %dg , which, with the notations corresponding to Ohm's law, | = vir

—0o

become:

+00

1
. so what? Would normally, — = I
m

—00

mdr .. mdr?
r

oo
m=m, I :
The example provided in clause D.3.7.4 does not suggest it. So?
A key can be found in the definitions.
In clause D.3.7.5, it isindicated:

- "Fand G areindependent random variables and H istheresult of the division of F by G".

S0, in this case, the independent random variables areV and R... whilein the other case, the independent random
variableswereR and 1.

The importance of clearly identifying which random variables ar eindependent and which arenot, had already been

stressed in clauses such as clause D.2.4 or clause D.3.4.6. When thisisnot done carefully, thereisaclear risk of getting
wrong results.

D.3.7.8 Examples in the case of divisions

In clause D.3.7.7.2, an example with Ohm's law was already discussed.

D.3.8 Using Logs and dBs
Thisclause dedlswith H = Log (F) and dBs.

Where F isarandom variableand H its Logarithm.

Itis supposed that F has only positive values.

In clause D.3.8.1 a direct method has been used. In clause D.3.8.4 the method used is based on the results of
clause D.3.9 (using functions). Substitutions (see clause D.10.3) could aso have been used.

D.3.8.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:
the probability Ps of having the random variable F having a value x such that:

X1 <X <Xis P, :jf(x)dx.
X
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Similarly, we can consider:

X

P, (x) = j f(t) dt

—00

and therefore (by differentiation):
dP; = f (x) dx.
In thefollowing, x is supposed within the definition range of the function Logi.e. X issupposed positive.

Should H be the random variable corresponding to H = Log (F) (using loge), then with the current notations, its
probability density h (2), isto be evaluated.

For each value of F, the value z of the random variableH is: z=Log (X).
The way to evaluate h (2) isvery smple:

- when the value of F iswithin [X, X + dx], event having a probability f (x) dx;

- thevalueof H iswithin [Log (x), Log (x + dx)];

- event having a probability h (2) dz
This means that these two events have the same probability, and, therefore:

f(x)dx=h (2 dz
When thevalue of F isx, thevalue of zisz= Log (x).
We will also have, dz = (1/x) dx, and X = &°
Replacing, we get:
dP=h (2 dz=f (x) dx = h (2 (Ux) dx =1 (x) dx,
which, in turn, gives:
h(@=xf(),or h(2=e* f(e")

the relation between the probability densities corresponding to the random variables F and H (when using loge (caution:
dB calculations utilise |0gs)).

D.3.8.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (2) shall be such that:

- h(®=0;
+00
. j h(2)dz =1.
Itistherefore wiseto verify the 2 properties, which, in practise, could help detecting problems occurred during the

calculations.

Obviously, €” ispositiveand fissuchthat X f(X)= O, therefore h(2) = 0.
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Concerning the second rel ation, verifications can be done in a generic manner:

Jh@dz= [ (exp(2) f(exp(2)) dz.

By introducing t = exp (z) = dt =t dz, this equation may be transformed into:

> Tt f(t) (U/t)dt = Tf(t)dt =1,

—00

Which ensuresthat h (2) can be a proper probability density function characterizing some random variable (hopefully
H, should the above cal culations be correct!).

D.3.8.3 Mathematical support for calculations with Logs and dBs

N =10* = x =log,o(N) =log(N)

N =e*= x=log,(N)=In(N)

_ logp(N)
loga(N)——Iogb(a)
log,m=1

loga(e)

(log, (X)) = —="—
logyo(x) = (I0g;0(€))In(x)
") = x
a*=e’In(a)
and:
Log (1+x) =x- (x42) + (°/3)...

logy = (Log x)/(Log 10)
(Log x)' = l/x

D.3.8.4 Using dBs

In order to write this clause, a direct calculation could have been performed.

Using the various elementary operations described in the clauses above, it would al so have been possibleto chain a
number of those elementary operations (the method using "building blocks") and reach the sought result!

However, the more elegant way is probably to combine all operationsin one single transformation, using the results
found in clause D.3.9.

Asit has aready been noted, annex E aso refers to conversions and the results are consi stent!

When thinking in dBs and linear terms, before any further action, the first thing to do isto try and understand the
Situation, and to settle on the best strategy.

Arethe uncertainties (probahility densities) relating to the various e ements of thetest set up expressed in dB or in
linear terms?
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If the uncertainties are given in dBs (e.g. the attenuation of a 10 dB attenuator given as +0,1 dB) then dBs have to be
used, at least for awhile, as shown in clause D.3.8 and also annex E, arectangularly shaped distribution based on an
uncertainty of +0,1 dB flat in dBs, will convert into some part of a curve if transformed into linear terms (and
vice-versa).

Even if the edges of therectangular distribution are converted correctly (in order to save time, approximations may be
used, but they may introduce errors of significance (see the note at the end of clause D.3.7.4.3) the fact that the
transformed curves are not flat any more, means that values such as an average and a standard deviation do not
correspond easily, which can be noticed looking at the equations!

In such cases, it could be wise to think also in terms of medians.

So, thereal question isto find if the shape of the distribution corresponding to the uncertainties being addressed is more
easily described in linear terms or in dBs. When this decision is made, then the expressionsin the present clause allow
for conversionsto be performed.

RSSing standard deviationsiis correct when random variables are added (as shown in clause D.3.4), but when mixing
random variables otherwise, the complete and correct cal culations may have to be completed. When values of x are
small, Log (1 + x) can be taken as x (property used to establish the conversion tables (seetable 1 in TR 100 0281 [17])).
When x becomes greater, then the approximation becomes less and less acceptable and it isto the person carrying the
tests to choose the best route. In clause D.3.7.4.3 an expression at a higher order:

2 3
Log(1+ x) = X—X? +X§ + £(x%) was successfully used.

The general expressionis, in fact:

2 3 n
X

X X
Log(l+X) = Xx——+ " +..+(-)™ =+ £(x")
2 3 n
The following graph illustrates the approximation Log (1 + x) = x, and the clauses below provide all the information
required to perform compl ete conversions when this approximation isno longer acceptable.
x:=0,0.001..0.1
y(x) :=log(1+x)
z(X) :=1In(1+x)

0.1 I
X
%09, 005~ .
ZX) e
//./-"" o [
00 0,05 0,1

D.3.8.4.1 Transformation of linear terms into dBs
Firg of al, it hasto be noted that dBs are defined in two different manners which have to be listed here:
- asrelative values (e.g. in the case of attenuators);

- asvaluesreative to some reference (e.g. dBm, dB pV, etc.); both references to power and voltages are used,
providing therefore two sets of coefficients (10 and 20), which have to be handled separately (see, for instance,
table 1in TR 100 028-1 [17]).
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Thismay have an influence in the way to write and to handle the conversions with dBs, and the approximations thereof.

D.3.84.11 Converting powers into dBs
The method provided in clause D.3.9 has been used in order to perform a conversion into dBW.
Noting:

- thepower inlinear teemsasx (i.e. in Ws), so x isapositive value! and

- thecorresponding valuein dB (i.e. dB rdlativeto 1 W) as z, we have z= 10 log (x);

f(97(2)

- asindicated in clause D.3.9, we have h(2) = —=— ,
9'(g7(2)

where:

Log(x) .

> z=10| =10 ;
glx>z 0g(x) Log(10)

10

gix> —;
x Log(10)

zLog10 z
g'lzo> x=e © =10%.

Asaresult:

)= 1O _ a0
IR

h(z) = (10©) Log(lg)o faom).

The moments can now easily be cal culated with the expressions aso given in clause D.3.9, as soon asf isalso given:
+00 +oo
m = j g(x) f(x)dx= j 1010g(x) f(xX) dx (noting that log is"base" 10).
Similarly:
+00 +oo
$? = Igz(x) f(X) dx = j(10|og(x))2 f (X) dx (noting that log is "base” 10).
In many clauses of thisannex e.g. in clauses D.3.1 and D.3.2, it had been possible to express the mean value after the

specific operation as an explicit function of the original mean. The samein respect to the standard deviation.

Clearly, in this case, asalready found in clause D.3.7 (inversions and divisions), there appearsnot to be asimple
relation, independent of the actual distribution, between these parameters.
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D.3.8.4.1.2 Converting a rectangular distribution into dBs

As aexample, should it be intended to convert arectangular distribution (foot-print defined by parameters A and B,
with adefinition of A and B different from that used in clause D.1.3), then we would have:

LogOW(B-A) _ 12) Log(10)

h(z)= (1010) 10 10 (B- A

within the corresponding interval;
and zero outside (noting that Log is "base” €).
Seealso annex E.

D.3.8.4.1.3 Converting voltages in dBs

In this case, we have z= 20 log (x).

-1
Asindicated in clause D.3.9, we have h(2) = ((g -1(( )))) where:
Log(x)
> 201 20——=—

glx> z=20log(x) =20~ 0g(10)

g' | X = L ;

x Log(10)
zLog10 z

g'|z> x=e ® =102,

Asaresult:

= 1O 07
CIERC

Log(10) f(102°)
20

h(z) = (1020)
The moments can be, once again, calculated with the expressions given in clause D.3.9, as soon as f is a so known:
m = +fg(x) f(x)dx = +JEOZOIog(x) f (X) dx (noting that log is "base’ 10).
Similarly:

$? = j g%(x) f(x) dx = j (2010g(x) )? f(X) dx (noting that log is "base" 10).

D.3.8.4.2 Transformation of dBs into linear terms

Thereverse operation can also be made.
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D.3.8.4.2.1 Converting powers

Asnoted in clause D.3.8.4.1, dBs can be expressed in relation to somereference. Thisiswhere theterm X, is coming
from:

X X
gIx> z= 1OE+I09(X0) — e(EHog( %)) Log10 ;

Loglo)e%ﬂog( X))Loglo
10 ’

g*|z=> x=10 (log (z%.) = 10 (log (2) - log (xo))

glx> (

x =10 (log(z) - log(x,))

Asaresult, we get:

h(2)= f(g7(2)) _ f (10 (log(2) - log(x,)))
9'(97(2) ,Logl0, (0N, 0qxyi0g10 |
( 10 )e

When the valueis expressed in dB in the appropriate reference, X, = 1 and log (X,) is 0; the above expression simplifies
in:

_ f@0(og(@)  _,, f@0(0g(2)) _,, f(10log(z)) _.,, f(0log(2))
h(z) = =10 =10 =10 ;
(2 (Loglo)e<1° 0292 ogao Log10g'°2)oat0 Log10 e"®® z Log10
10

and finally, we have:

f (1010g(2))

h(z) =10
z Logl0

The moments can now easily be cal culated with the expressions aso given in clause D.3.9, as soon asf isalso given:

o X

)Log10

m = Tg(x) £(x) dx = [ £ (x) dx.

00

Similarly:

= [g?() () dx= [ ") £(x) .

—00

D.3.8.4.2.2 Converting voltages

Should dBV (or dBuV) have been used, the corresponding conversion relations would have been:

Ztlog(xg)  (a=+og(%))Log10
—e

z=10% , asthe general expression

X

b (X
or, when thevalue of xgis1l: z=10% =e

—-)Log10
20) -9

, in which case:

f(201log(2)) .

h(z) =20
z Logl0
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% (X)Log1o
m= [e? f (x) dx;

—00

&= ™) f(x)d.

D.3.8.4.2.3 Converting rectangular distributions
In annex E, conversions of rectangular distributions have been also studied.
In such a case, the above relation becomes:

f(20l09(2) _,, W2A)

h(z) =20
z Logl10 z Log10

in the converted interval, zero, outside. After further smplification:

h(2) - 10 l;
AlLogl0 z

or zero, outside the appropriateinterval.
(The corresponding probability density had been called p, (x) in clause E.1.1.)
An approach using spread sheets has also been proposed. Further details concerning this approach can be found in.

D.3.8.4.3 Examples
It was stressed earlier that the term dB may, in fact, cover different situations from the mathematical point of view.

It has also been emphasised in particular in clause D.2 (and will be covered again in clause D.5) that in the mapping of
physical parameters, random variables may be associated either with the variable itself or with small variations of it.

The following clauses address these two different cases.

D.3.8.4.3.1 Evaluation of uncertainties

In this casg, it can be expected that only small variations are considered. Therefore, multiplicative constants such as xq
appearing in therelations are equal to one (Log (Xo) = 0).

D.3.8.4.3.2 Evaluation of link budgets

In this casg, it can be expected that the statistics of the various components areinteresting per se, and not only its small
variations.

Among the parameters to be considered (and to be mapped to random variables), can be quoted:
- transmitter power (e.g. a mobile Base Station);
- cable attenuation (plus attenuation of couplers, if any);
- transmitter antenna characteristics;
- attenuation due to the propagation;
- receiver antenna characterigtics;
- cableattenuation (if any, the situation can be different in the case of mobile communications or fixed links);

- receiver sensitivity.

ETSI



218 ETSI TR 100 028-2 V1.3.1 (2001-03)

In this situation, it islikely that a great variety of types of dBs have to be used together (dBm, dBuV).
Therefore, constant such as xo appearing in the relations may have to be considered carefully.
Beyond these "radio" characteristics, can also be quoted:
- effect of temperature;
- effect of power supply voltages.
The corresponding effects on the link budget can be handled thanks to the methods provided in clause D.4.

D.3.8.4.3.3 Usage in the case of evaluation of link budgets and interference
In this casg, it can be necessary to handle s multaneously two links:

- thelink being consdered;

- theinterfering signal.

Under such circumstances, it may happen that the corresponding standards use different expressions (e.g. dB W in one
standard and dB m in the other) and therefore, constant such as xq appearing in the relations may have to be considered
with extreme care.

Using different references for the expressionsin dB, can be considered, in fact, as having additive offsets (which could
be handled in accordance with clause D.1) or as having to multiply by some constant (which could be handled in
accordance with clause D.2).

D.3.9 Combination using deterministic functions of one variable
Thisclause dedswith: H = g (F) .

Where F isarandom variable and H itstransformed by g, where g is a deterministic function of one variable.

Only the case where g is monotonous is addressed here, and it is supposed that F takes values within the definition
of g (which can be expected, noting that g is monotonous).

D.3.9.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:

- the probability P of having the random variable F having avalue x such that:
X3
X <x<xis P, = [ f()dx.
%

Similarly, we can consider:

X

P, (X) = j f(t) dt,

and therefore (by differentiation):
dPy = f (x)dx.
In thefollowing, x is supposed within the definition range of g.

Should H be the random variable corresponding to g (F) (H = g (F)), then, with the current notations, its probability
density ish (2), to be evaluated.
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For each value of F, the value z of therandom variableH is: z= g (x).
The way to evaluate h (2) is, again, quite Smple:
- when thevalue of F iswithin [X, X + dx], event having a probability f (x) dx;
- thevalueof H iswithin [g (X), g (x + dx)],
- event having a probability h (2) dz
This means that these two events have the same probability, and, therefore:
f(x)dx=h (2 dz

When thevalue of F isx, thevalue of zisz= g (x).

Wewill also have, dz= g (x) dx, where, for the moment, g (x) issupposedto be>0and X =g~ (2) . In order to
have areciprocal function, g' has to be monotonous (no changes of the sign).

Replacing, we get:
dP=h(2)dz=f (x) dx =2 h (2) g'(x) dx =f (x) dx
which, in turn, gives:
h(@g (x)=f(x)or
ELICRCN
9'(97(2)

the relation between the probability densities corresponding to the random variables F and H, valid when g' > 0 (see
clause D.3.9.2).

Should g' (x) be <0, then as in the case of a multiplication by a negative constant (see clause D.3.2.1), the effects on
inequalities and intervals have to be taken into account.

Thefinal result is, therefore:

f(g7(2)
h(z) = ————*~.
D50 @)

NOTE: An equivalent result has been found in clause D.3.10.3 relating to "substitutions'; the method used to
derive the corresponding rel ation was different.

D.3.9.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (2) shall be such that:

- h(2=0;
+00
. j h(2)dz =1.
It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Itisobvious that the fact that f issuch that [IX  f(X)= O, makesit always truethat h(2) = 0.

The second property is less obvious.
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So, g will be considered to be so that g > 0.
The verification can be done in a generic manner:

T H(e7@)
[naaz=| (@@

By introducingt=g* (2 = z=g (t) and dz= g' (t) dt, this equation may be transformed into:

+o00

> j f((t))g(t)dt—_[of(t)dtzl

Which ensuresthat h (2) can be aproper probability density function characterizing some random variable.

When g' <0, then, when replacing z by t, the limits of integration are inverted, which compensates for the negative sign
introduced.

This phenomenon issimilar to that found in the case of the multiplication by a negative constant and has al so been
presented in detail in the case of multiplications (see clause D.3.6.2).

D.3.9.3 Means and standard deviations

The mean value of F has been defined as:
+00
= Ix f(x)dx.

The calculations below apply to the case when g' < 0; when @' < 0, then, when replacing z by X, the limits of
integration are inverted, which compensates for the negative sign introduced.

This phenomenon issimilar to that found in the case of the multiplication by a negative constant and has also been
presented in detail in the case of multiplications (see clause D.3.6.2).

+oo f -1
= fea f2 oy

noting that z=g (x) anddz=g' (x) dx:

m = Jo09) % g 0ax= fg(x) f () dx.

f(97(2) 4
(g7(z ))\

Should g be arather smple expression, it isclear that the corresponding expressions of m, sand o should be very
simple also.

f(x)
9'(x)

j g°() — 5 g'(dx= [g°(x) () dx

—00

s = Iz h(2)dz = Iz ‘

Example:
glx=22Ax(i.,ez=gxX)=AX)
then:

Mp=Am, ss=Asand gi2=s2-M2= (A 5)2- (Am)2= A2 o2
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which had been found directly in clause D.3.2.

However, it is clear that outside smple cases such as thelinear case handled above, it isnot often the case that resulting
mean and standard deviation can be expressed explicitly using the mean and the standard deviation of the original
distribution see, in particular, clause D.3.8, where Logs and dBs are handled.

D.3.9.4 Examples

Conversions of linear terms to dBs and vice-versa have been performed in thisannex using this method (see
clause D.3.8.4).

In annex E a direct method had been used. The comparison isinteresting.

D.3.10 Further theoretical material and reciprocals

A systematic review of the effect of mathematical operations on probability densities has been provided in the previous
clauses. The corresponding properties have often been given based on calculations "as simple (and basic) as practical”.
The purpose of the present clause isto provide also some material more theoretical, which could have been used, as
well, to establish some of theresults provided in this annex.

D.3.10.1 Integrals and derivatives

In the present annex, anumber of cal culations have been performed using the probability density.

Similar results might also have been obtained starting from expressions such as.

probability (x, <x<x,) = P= | p(x)dx

X

(where P is the probability of the value x of the random variable X (X using the character set "Monotype Corsiva") lying
between x,; and X,, expressed using the probability density function p (x)) (see clause D.1.2)).

It has to be stressed that, with these conventions, x; < x, . Thisfact has been used extensively in clause D.3, in

particular when multiplying the extremities of interval's by negative numbers (see, in particular, clauses D.3.2 and
D.3.6).

Should integrals be used, it isimportant to recall that:

X
if P(X)= [ p(x)x then the derivative function P is such tha:

P'(X) = p(X).

Thismay have to be kept in mind, when thinking in terms of cumulative probabilities rather than probability densities.

D.3.10.2 Substitutions and integrals

Calculations based on changes of variables ("substitutions") have been used a significant number of times in the annex.
However, for the sake of completeness, it can be useful to expressit in amore formal way:

Take, for example:

X=X,

P= I p(x)dx;

X=X,
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let see the effect of a substitution with:

x=k(t);
dx dk
—=kK'(t) =—;
dt ® dt

t=g(x2)

P= [pk(®)K(t)dt;

t=g(x)
where gisthereciprocal of k.
It isinteresting to compare this expression with that obtained in clause D.3.10.3.

It can aso be interesting to consider P asa function of T in the same way asit was considered in clause D.3.10.1:

t=g(X)=T
P(T)= j p(k(t)) k'(t) dt ; and note that now

t=g(0)

P'(T) = p(k(T)) k'(T) , which shows the effect of the substitution.

D.3.10.3 Substitutions and distributions

+o00

The expression: I f(X)dx =1 hasalready been used anumber of times as arequirement for f to be a valid probability

density (distribution).
What happens when avariable change is performed?

Let'sconsider X = K(t) wherek ismonotonous, and where k' exigsand k' > 0.

and (by "substitution") the integral above becomes:
Tf (k) k'(t) dt=1.
Should f(K(t)) be considered asafunction e of t, then we have:
Te(t) K'(t) dt =1; and
e(t) K'(t) ; istherefore a valid candidate for a probability density.

Sincef isa"good" probability density (and, therefore, has only positive values), and since k' was supposed to be
positive, then e(t) k'(t) isalso positive, and a second necessary criterion is met.

Noting that when 2 functions (f and g) arereciprocal the corresponding derivative functions have inverse expressions:

1
(KM =—)
g
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itis clear that the expression aboveis similar to that already found in clause D.3.9.1, where z had been used instead of
t...

The fact that k is supposed to be monotonous (and that therefore there are no changes of sign of k') isrequired so that
thereisan inverse (reciprocal) function (g)...

What happensthen if k' < 07?

When making the substitution on the integral, the upper bound and lower bounds get inverted, due to the fact that
k'(t)<0 , Xo> 4o = t 5 -0,

Asaresult: [e(t)k'(t)dt =1, and [(~)e(t) K'(t) dt =1 or, notingthat k <0, [h(t) [k'(t) [dt =1.
Therefore, in both cases (k' positive or negative):
j h(t) [k'(t) |dt =1;

istheresult of the substitution of x by t = k (t) in the probability density (distribution).

Thisrule, concerning the change of variables, is different from that to be used for functions, so extreme care hasto be
devel oped when performing substitutions with these mathematical objects, however, theruleis quite simple:

When X = K(t) then f(x) = f(k(t)) [k'(t)=e(t) [k'(t)|. wheref isthe probability density of the

random variable X (of which x isapossible value) and h isthe probability density of the random variable T (of which t
isapossible value).

With the notations proposed in clause D.10.6, the above expression would become:
X = k(t) then X(x) = T()=X(Kk) K'®)|=et) K@),

where X and T are probability densities characterizing respectively the probability of occurrence of the values x and t.

NOTE 1: The expressions above are quite similar to those found in clause D.3.10.2, with the difference that the
absolute value of k' is used instead of simply k'. Thisistheresult of the congraint X, < X, foundinthe
definition of P.

NOTE 2: Itisessential for k to be monotonous (no changes of sign for k'). If not, thereisno inverse function. A
way to overcome (by hand) this limitation is shown in clause D.3.10.8.

NOTE 3: Rather than handling absolute values, it is often easier to multiply the relevant expression by the value
€ . Thevalue of € would be +1 for apositivek' and -1 for anegative k'. This convention has been

extensively used in clauses D.6 and D.7.
D.3.10.4 Example of application: the inverse
Seeclause D.3.7.1.

D.3.10.5 Reciprocals

Besides the interest in terms of completeness, reciprocal operations are often performed in calculationsrelating to radio
equipment, for example, conversions into dBs and vice-versa

It can, therefore, be useful to keep in mind the corresponding relations.

Using the notions proposed below in clause D.10.6.

ETSI



224 ETSI TR 100 028-2 V1.3.1 (2001-03)

Assume:
- 2random variables X and Y
- taking values such as x and y

- with dendty probahilities X and Y o X(Xx) ad Yy
where:
y=g(x) or x =k (y) (k being theinverse of g)
where g is supposed to be strictly monotonous (and so will bek, itsinverse).

1
Then K'(y) =——— (g being strictly monotonous, then g' cannot be 0).

9'(¥

From clauses D.3.9.1 or D.3.10.3 above we get (changing the names appropriately):

Y(y) = X(k(y)) [K'(y)|=ey) Ik'(y)|:|g.?f<¥;))| =|;(.§tg;;|?a”d

0=t e =i~

whered (x) = Y (g (x)) and e (x) = X (K (y)).

Asafinal note, it is clear that the knowledge of the probability density of one of the random variables gives "directly”
the density probability of the other.

D.3.10.6 Notations

Beyond the fact that different clausesin the present annex have been written by different authors, areader may have
also noted different notations due to the intention of the clause: some clauses are more related to physics, in which case
the variables used tend to look like the usual expressions used for physical values (i, r, v), while others are more related
to mathematical calculations.

At this paint in the annex, considering that the reader is familiar with the concepts, and that only very seldom the name
of therandom variable concerned is quoted, the following notations could be suggested:

- name of therandom variable : V (character set Monotype Corsiva)
- valuestaken by therandom variable %
- dengity probability : V orV(v)

(rather than p (v) or py (V) as could have been expected, in view
of clause D.1, where "p" recalls the word probability).

Resulting therefore in expressionslike:
+00
j V(v)dv =1,

where there are certainly too many "v", but can be more clear when a considerable number of random variables are
concerned.
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The difficulty with thenotationsisthat there are, in fact 3 itemsinterrelated, and 2 practical ways to type (lower case
and upper case). So it iseither necessary:
- tousemorethan 1 character set (which the equation box mechanism does not seem to handle); or
- to use conventions such asthose of C"™* where f () may be a function and at the sametime f may be a variable; or

- tousedifferent letters for itemsre ated, which can be confusing when a sgnificant number of items are used.

In the present annex, standard deviations have often been called O, wherer indicates the random variable being
considered. For practical reasons, in other clauses of the present document, u has been used instead.

However, u can recall "uncertainty” but, in many cases, u isin fact the standard deviation 0 of the contribution being
considered.

D.3.10.7 Units

D.3.10.7.1 Some properties
In the present annex, units have been dropped in a number of situations.

Therefore, it can be useful to recall that:

- probabilities are numbers without unit 0 < P< 1,

- valuessuch as A in the definition of rectangular distributions have the unit of theitem concerned:
- for example, when referring to V, A would be expressed in V (e.g. +2 V);

- asaresult, dengty probabilities are expressed in the inverse of the corresponding physical unit:
- for example, V(v) would be expressed in (Volts)?, (e.g. V(v) = (1/(2 A)) (Volts)™);

- anintegration (e.g. using dx where x is alength) adds one dimension;

- adifferentiation reduces dimensions by 1.

A careful handling is therefore required when, for ingtance, handling mA instead of A, in practical examples.

D.3.10.7.2 Example
Takearesistor... V=RI.

Clause D.3.6 provides the probability density corresponding to the product of probability densities:

+00 1 Z

h(2)= | (—‘) 9(5) f(xax,
X X

or with the units corresponding to this example, and the notations of clause D.3.10.6:

R=2>F X
=2 Gy,
V=>H,z
B +00 l V

VW)= () 16) Rodr
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With:
- dr expressed in (A V) or (Q);
- R(r)  expressedin (A V)™ or (Q)
- 1( ) expressedinA™;

1

_(r

) expressed in (A V) or (Q)

finally, it becomes clear that V (v) is expressed in (V) ™, which would have been expected for a density probability
relatingto V.

It was aso noted in clause D.3.6 that an equivalent expression would have been:

ORI

%‘) R(iX) | (i)di ;

which would also have provided aresult expressed in (A V)™ or (Q)™.

It isworth looking at both expressions. The former evaluation of V (v) ismost probably more friendly than the latter: r
can be expected to be always > 0... whilei can often be positive or negative or null.

D.3.10.8 Application of the substitution method in difficult situations

One operation could have been also found in clausen D.3: raising to the square.

It could have been useful for finding powers out of voltages or currents.

At first 9ght, one could have said that there was no need: the multiplication is already dealt with in clause D.3.6 . But in
that clause the two input random variables are supposed to be independent, which is certainly not the case for the
square!

Next idea could have been to use clause D.3.9 (functions of one variable). But it isnot possible to use it because, in that
clause, g issupposed to be monaotonous!

One way out could be to use the principles of the substitution (as set in clause D.3.7.3), analysing the implications
carefully at each step.
D.3.10.9 From the time domain to density probabilities

Thisisan areawere further work could be useful to be incorporated in afuture edition of the present document.

D.3.11 Combinations using deterministic functions of two variables
Thisclause dedswith: H = g (F,K).

Where F and K areindependent random variables and H theresult of g, where g is a deterministic function of two
variables.

It is supposed that F and K take values within the definition of g.
Problems could be expected, should F or K take (too often) particular values (such as zero).
Should this occur, then in that particular case, careful attention should be devoted to the situation.

A careful discussion shows similar situations asfor clause D.3.9 inrelation to the signs. In order to avoid to have too
much text, the discussion has been smplified.
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D.3.11.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x is given by
the probability density f (x), then, by definition:

- the probability P of having the random variable F having avalue x such that:
3
X1 <X<X2is P, = I f(x)dx.

Similarly, we can consider: P, (X) = | f(t) dt, and therefore (by differentiation): dP; = f (x) dx.
f

—00

When K isaso arandom variable, characterized by the fact that the probability of K having a particular valuey is given
by the probability density k (y), then, by definition:

- the probability Py of having the random variable K having avalue y such that:

]
vi<y<yzis R= [K(y)dy.
Y1
Similarly: dP, =k (y) dy.
H istherandom variable resulting from the effect of g on F and K, and its probability density h (2), isto be evaluated.

For each valuex of F andy of K, the value z of therandom variable H is: z= g (X, y).

The way to evaluate h (2) isrelatively smple (very similar to anumber of cal culations completed above), and isgiven
in the following.

The probability of having the value of F within avery small interval [x, X + dx] isf (x) dx; the probability of having the
value of K within asmall interval [y, y»] isk(y) (2 - y1) = k (y) Dy (where Dy =y, - y;, and where it is assumed that

k (y1) =K (y2) =k (y), Dy being considered as small); when both events occur, then, the value of H within [z, ] where
Z =g (x, ) (neglecting dx, considered to be very small compared with Dy) and the probability of such an event (which

provides the contribution of dx in h(2)) isf(x) dx k(y) Dy.

When Dz =z, - z,, by definition, h (2Dzisthe probability of having the value of H within [z, z] and is, therefore, the
sum of the probabilities of all theindividual contributions, corresponding to all values of x:

h(z)Dz= Tk(y) Dy f(x)dx.

Having dZ:g—ng+g—3dy,wecanwrite Dz=z,-z,=9(X, ¥,)-9( X, Y, ):g—gDy,andweget

k(y) DZ ¢ (x)d.

D2=99 Dy which makes h(z)Dz= j
oy
ay

0
Asalready noted in clause D.3.9, expressions such as the one above are valid when a—g >0.

y
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Otherwisg, theintervals have to be inverted and to cover al casesit is necessary to write:

h(z)Dz= j k(‘y)DZ F ()dx.

0
a—g is, in all cases, expected to be monotonous (no changes of the sign allowed).
y

Noting that, solving g we can write Y= (z,X) (with, may be some restrictions), the integral above becomes:

h(2)Dz= T%&Q)DZ £ (x)dx,

oy

which can, in turn, be simplified into:

h(z)= | 7 k(y (2X) ¢ (x)dx.

—00 ‘

Thisintegral provides the value of h (2) asafunction of f (x), k (y)... which gives arelation between the probability
densities corresponding to the random variables F, K and H.

D.3.11.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (2) shall be such that:

« h(2=0;
Th(z)dz =1

Itisusually wiseto verify the 2 properties, which, in practise, could hel p detecting problems occurred during the
calculations.
Thefactthat (X  f(X)=0 and Dy  k(y) = 0 makesit clear that h(2)= 0.

Concerning the second item, the situation is close to that found when lambda was negative in clause D.3.2, and in the
clauses above.

The verification can be done in a generic manner:

j h(z)dz—T f KAZX) ¢ () dx dz:

—00 —00 ‘

and in the positive case:

= {11 j—k(y‘g;’x)) dz] dx .
Y
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Asdone previoudly, theintegral insideis handled considering x as a constant, and by introducing a changein the
variable: Y=y (z,X) .

We have dy:a—ydz+a—ydx,
0X

0
3 so dy :a—y dz and this expression may be transformed into:
z z

={t [ ] alg)gydy]dx.

oy 0z

To simplify this relation (which we always succeeded in the practical cases above), let us see the relations between both
partial derivations.

We have both: dy:a—ydz+a—ydx and dZ:a—ng+a—gdy.
0z ox ox

oy
Therefore:
dz:a_gdx+agdy agd +6g{ayd +aydx};
0X oy 0X oy| oz 0X
- . o _og| oy
which istrue for any value of dz and any value of dx... which, in turn, implies that l—a—y E .
Asaresult:
jh(z)dz— jf(x)[j k(y) -yl = k(y) dy] dx ;

ay az

j f(x)[1 dx = j f(x)dx = 1.

—00

Which ensuresthat h (2) (under the conditions stated above) could be a proper probability density function.

D.3.11.3 Means and standard deviations

Asfound in clause D.3.9.3, even though the expression of h (2) israther complicated, the first two moments have a
quite friendly expression: will there be a similar situation here?

+o00 400

m, = jzh(z)dz_j | k(y‘();’x)) f(x)dxdz—jf(x)[j k(V(Z X)) 7] d

Let us try and make the same change of variable as in the case of the verification above (see clause D.3.11.2)
y=y (z,X), wethen get, in linewith the expressions found above:

—00 —00 ‘

+00  +oo

m =] Jooo <oy fax.

—00
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This can be written as:

+00  +oo

m, = [a(xy) f()dx k(y)dy,

—00 —00

which means, that, in other words, the mean value obtained corresponds to the 2D average of the points obtained
weighted by the original probabilities of occurrence.

Infact f (X) dx isaprobability of occurrencein aone-D space, k (y) dy isa probability of occurrencein another one-D
space, and f (x) dx k (y) dy isthe probahility of occurrence of the couple (x, y) in the two-D space, product of the two
original spaces.

In the same way:

st = [22h@) dz= [7 j%g’x»f(x)dxdz,
;
the same change of variable as above gives:

+00 +oo

si= [ Jotxy) FO9dx k(y) dy,

—00 —00

which isan expression extremely similar to those found above, e.g. in the case of the effect of a function having only
onevariable (clause D.3.9).

Itisniceto find such a simple expression, when the expression of h (2) haslead usthrough rather delicate calculations.

D.3.11.4 Examples

Should g (%, y) be arather smple expression, it is clear that the corresponding expressions of m, sand g should be very
simple also.

Examples can be found in the clause dealing with subtractions and divisions of distributions, in clauses D.3.5 and D.3.7
of annex D.
D.3.11.5 Generalization to spaces of dimension N

The results found above in relation to the mean and to the variance could be extended to spaces of dimension N, the
expression of the distribution looking somewhat more complex. However, for the purpose of the eval uation of
measurement uncertainties according to the present document, the more important relation is that leading to the standard
deviations, which looks very friendly.
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D.3.12 Combination of distributions - Summary table

ETSI TR 100 028-2 V1.3.1 (2001-03)

Operations relating to random variables Equations Resulting distribution Mean value Standard deviation Clause
(note 1)
Addition of a constant value H=F+a h(z)=f(z-a) m,=mga 0,=0; D.3.1
One T oAt - - - -
random variable Mult?pl?cat?on by pos. const. H=(A\)F h(z)=(1/N)f(z/N) my=Amg 0,,=A0; D.3.2
Multiplication by neg. const. H=(-\)F h(z)=-(1/\)f(z/N) m,=Am; 0,2=\0;? D.3.2
Inverse function H=1/F h(z)= f(1/2)/22 m, =l (f(z)/z) dz o, 2+m, %=/ (f(2)/z?) dz D.3.7
Sum H=F+G h(z)=lg(z-x)f(x)dx mp=me+my 0,2=0/2+042 %) D.3.3
Two independent variables H=AF+uG h(Z)=l(LAP)FIA)g((z-X)/ ) dx mp=AmgHum 0,2=\%0 2+ p2og 2 D.3.4
random variables | hon independent variables H=AF+uG h(2)=(1/(Ak+W))g(z/(Ak+1)) mp=(Ak+p)m, th:()\k+p)2crgZ D.3.46
where F=kG
Subtraction H=F-G h(z)=lg(x-z)f(x)dx m,=memy, gh2:0f2+092 D.3.5
Multiplication H=FG h(z)=I(1/ | x |)g(z/x)f(x)dx my=m;m, 0h2+mh2:(0f2+mf2)(092+m92) D.3.6
Division H=F/G h(z)=) g(x/2) (| x /z? f(x)dx m,=m; (J (9(z)/z) dz) 0, 2+m, >=(o?+m?)((9(2)/z?)dz) |D.3.7
_ Using Logs H=Log(F) h(z)=¢? f (¢%) m, = [ Log(x) f(x) dx 0,,2= (] Log?(x) f(x) dx) - m,? D.3.8
Using Logs Linear terms »dB  [H=10log(F)  [h(2)=102%(Log(10)f(10#1%/10) | m,=I 10 log(x)f(x)dx c,’=(/ (10log(x))*(x) dx) - m,2 | D.3.8.4.1
Powers I'qB 3 finear terms | H= 10 (710 h(z)=10(f(10log(z)))/(zLog10) m,,=J e(/10) Logl0 f(x)dx 0,2=(I(e®19Log10)?f(x)dx)-m,2 |D.3.8.4.2
Linear terms =dB | H=20 log(F) h(z)=1072%(Log(10)f(10%/20)/20) m, =/ 20 log(x)f(x)dx 0,,2=(I (20log(x))?f(x) dx) - m, 2 D.3.8.4.1
Volts 4B "3 Tinear terms | H= 10 (F/20) h(z)=20(f(20l0g(z)))/(zLog10) m, =J e0¢20) LogL0f(x)qix 0,2=(I(e29Log10)2f(x)dx)-m 2 |D.3.8.4.2
Using a function | One variable H=g(F) h(2)=(f(a(@)) 1 9'(0@) ) m,,= 1 g(x) f(x) dx 0,2= (I g%(x) f(x) dx) - m, 2 D.3.9
Two variables H=g(F, K) h(z)=l((k(Y(z,X))/ | dg/dy |)f(x)dx m=llgxfdx kiy)dy | o, 2=(Tg2(x,y)f(x)dx k(y)dy)-m,2 | D.3.11
Substitutions t replaces x in a distribution X = K(t) X(X) = T(t) = X(k(®) |K'(D)] See clause D.9.3 See clause D.9.3 D.3.10.3
Reciprocals y=g(X) ® x=k(y) See clause See clause D.3.10.5 D.3.10.5
D.3.10.5
NOTE 1: In the above table, the symbol | stands for: .f_m

00

In the table above, the effect of the sign of a multiplicative constant has been highlighted. Great care is recommended with regard to possible effects on the validity of these
expressions due to signs and possible zeros of expressions used above. Functions like g are supposed to be monotonous; for more details, please refer to the appropriate

clause of the annex.

NOTE 2: The equations are related to independent variables, unless otherwise stated.

NOTE 3: TR 100 028 uses extensively this formula.
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D.4 Influence quantities

D.4.1 Theoretical approach

The basic concept addressed in this clauseis the introduction of a factor K relating parameters ("quantities') not very
well controlled, such astemperature or voltage, which may have some influence on the measurement considered to
their effect.

Thisfactor isto be multiplied by the parameter whose influence is being considered.

The situation can therefore be interpreted using the product of two random variables, and the properties found in clause
D.3.6 can therefore be used.

Thiswill introduce expressions such as those found in clause D.3.6.3:
- therefore the mean value in terms of effect, my, is:
My = Mg My
- and "standard deviation” gy, is such that:
g’ + my’= (0F + mP)(a’ + mc),

wheref relate to the random variable (parameter) being addressed (e.g. temperature) and k to random variable
corresponding to the multiplicative factor K.

D.4.2 Examples

D.4.2.1 Effect of the temperature

Suppose the temperature can have an effect modelled as K dT, where dT is supposed to be arandom variable, with a
rectangular distribution, and K is known by its average value my and its standard deviation o.

Asindicated above, we have then:
0;12 + mh2: (aatz + mdtz)(qz + mkz)_
However, dT can be defined such that its average value, mg, be O.
Noting that we also have: m,, = mg m,, when my = 0, we also havem;, = 0.
In this case, the expression of gy, can be simplified:
o’ = (0w)) (BZ + md).
This expression recalls equation 5.2 (when mg = 0) found in clause 5.4 of TR 100 028-1 [17]:

"The standard uncertainty to be converted is Ujq- The mean value of the influence quantity is A and its Sandard
uncertainty is u;,. Theresulting standard uncertainty U erteq Of the conversion is:

ujoonverted = \/ujzl( A2+uj2a) (52)"

Further information concerning the values of influence quantities may be found in table C.1.

When building similar tablesit is of primary importance to address how terms such asthe te'm K dT are to be
incorporated in the general set of equations describing the measurement (see clause D.5).
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D.4.2.2 Effect of the temperature on a resistor

Asin the clause above, suppose the temperature can have an effect modelled as K dT, where dT is supposed to be a
random variable, with arectangular distribution, and K is known by its average value my and its standard deviation ox.

A genera expression of the value of aresistor could be: R=R, (1 + K dT), where Ry and R arerespectively the
resistance for temperatures defined by dT = 0 and for any other value of dT.

The above expression can also be written as: R = Ry + Ry K dT and be interpreted as an operation involving 4 random
variables Ry, R, K and dT.

In this case, Ry can be considered as theresult of an appropriate combination of distributions, providing the
measurement uncertainty for the measurement of theresistor (see clause D.5).

From the properties found in clause D.3, it comes that:
- OX = Oro” + Orokar’; and
- Orodr” * Mrokar = (Oro” + Mry) (G’ + Ma’) (A + ).
Asindicated in the previous clausg, it is possible to choose values so that some of the average values are 0, and to

simplify the expressions accordingly; furthermore, when Ry is considered as providing the probability density for the
resistor (together with the measurement uncertainty) we get:

0'R0|<dT2 = (O'Ro2 + mR02) (adf) (Q'<2 + mkz)_
Therefore, gx° = Oro” + (Oko” + Mro) (G) (G + M).

Hopefully ore® << Mgo’ S0 finally we get an approximation: gk’ = Oike” + Mro? T’ (A& + M3 OF Ok? = O’ + Ront T
(a + m?) where Ry, represents the measured value of the resistor.

Should Ry be equal to 1 then gr? = die® + 0w’ (G + My?) an expression which is, similar to thoseimplicitly found in
the main body of the present document.

D.5 Global approaches

D.5.1 Using directly the random variables in a measurement

D.5.1.1 Introduction

The method to calculate the density probability of any (well behaved) combination of two random variables has been
given in clause D.3.11 and the expression of the first moments of the probability density of any (also supposed well
behaved) function (deterministic) of N variables has been given in clause D.3.11.5.

Clause D.3 provides similar results for usual operations and combinations of random variables. Therefore, it should be
possible to calcul ate step by step any (well behaved) combination of random variables.

As aresult, as soon as a system (e.g. ameasurement set up) can be mapped to such a mathematical mode, it is possible
to evaluate its outputs as a function of itsinputs (e.g. in terms of results of measurements and of uncertainties).
D.5.1.2 Writing the equations
Let ustherefore consider a system with:

- aset of inputs TN [P Py

- aset of outputs Ri... Re... Ry;
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where the outputs Ry have been expressed as functions of the various inputs I; using a set of:

- pfunctions of n variables;

- G (e b D)

- O

S« N (PR PR
When each input |; is considered as arandom variable, and all inputs are considered as a set of n independent random
variablesl; ... I; ... I ..., then, the set of p outputs, R; ... R ... R,, can be considered as a set of random variables of

which the statistical/probabilistic properties are known and determined by the equation found in clauses D.11 and
D.11.5, assoon as:

- Gy by )
= Ok
S« (RO PR
and the statistical/probabilistic properties of theinputs (i.e. I, ... |; ... I,) aregiven.

D.5.1.3 Number of equations
Some rather ssimple measurements (e.g. "conducted power™) can be modelled using only one equation.

To model a substitution measurement (see clause D.5.3) it can be user friendly to use a set of two of such equations.

D.5.1.4 Mapping variables

As already proposed in clause D.2.1, the characteristics of the output signal of a generator can be represented by a
random variable, G, where the uncertainties relating to the generator's output signal characterize G. For example, the
probability density of G could be arectangular distribution centred around 10 mV, having a zero value outside [9, 11]
(values givenin mV).

As also addressed in clauses D.2.1.2 and D.2.1.4, amodd for measuring instruments can be constructed as follows:
- ameter providing the corresponding reading, considered perfect (fully determinigtic); and

- arandom variable associated with it, for example V, covering the uncertainties relating to the actual reading of
the meter which characterize V (V could be thought of as corresponding to the internal noise of the instrument).

Asaresult, the"inputs’ of the system can be classified in several groups containing, in particular:
- actual physical inputsto the system (e.g. signalsfrom generators);
- random variables associated with measuring equipment (e.g. voltmeters and other instruments);
- random variablesrelating to the environment (e.g. temperatures, supply voltages) which may affect the results
via the influence quantities (see clause D.4).
D.5.1.5 Conclusions

Basad on such amodel, the outputs such as R¢ can be interpreted as random variables characterizing the sought
output(s) of the measurement (e.g. an output power), where the statistical/probabilistic properties of Ry provide the
corresponding measurement uncertainty (probability of finding a specific value asthe result of the measurement).

Clause D.5.6 also addresses the interpretation of the results obtained (outputs Ry of the system).

Examples where this approach was used, can be found in clause D.2.
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D.5.2 Using random variables together with differentiation in a
measurement

The methodol ogy presented in clause D.5.1 is based on the handling of a set of p functions of n variables.

In the case of radio systems, these equations may be somewhat bulky.

In the case of the evaluation of measurement uncertainties of a particular measurement, the input variables
(corresponding to random variables in the methodology addressed in clause D.5.1) can be understood as having avery
small probability of being far away for the setting sought for that measurement.

Should I; be such setting, then it could equally be interesting to consider small variations around I;, dl;.

In this case, it can be more convenient to consider |; as a constant and dl; as the random variable to be further handled in
the statistical/probabilistic analysis.

In order to continue the evaluation of the measurement uncertainties, with this approach, the set of functions which had
been used in clause D.5.1:

- gl(ll,ll,ln),
- gk(lla---lja---ln);
SR X (TR TN Y &

has to be differentiated which provides a set of p rdations

dg, :% dl, +____+a_% dlj +....+% d;

al, ol ol

dg, =% ai +..+99 g+ + % g .
al, o, ol

dg. =% g+ +%% g 4 4% g
Pl a. ! al

] n

In fact, for a particular measuring point, thisisaset of p linear equations (of n variables) which can be mapped in a
quite friendly manner to the expressions found in clausen D.3.4.5, as already suggested in clause D.3.4.5.3.

The expression of gasgivenin clause D.3.4.5.3 was:
2 _ 2 2 2 2 2 2
Oy = Al Oga1 + AZ Oix2” + ... + An Oixn

and trand ates with the present set of equationsinto:

-2 r 712 r 2
g g g
2 il 2 il 2 1 2 .
Ul —|:— Udll +....+ — Ud“- +....+ — Udln ;

2 B 72 r 2
99 99 99
2 _ K 2 K 2 k 2 .
g —{— Ogp ot —— | Og; tot| —= | T4,

ag, | fog. | ag, T
o B [y ﬂ} SR
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Another advantage of this approach isthat for the determination of the set of p linear equations of n variables, thereis
no real need to have an explicit expression of the outputs as.

SR (CT PR Y &
- gk(lla---lja---ln);
SR X (TP T Y &

which isrequired for the approach proposed in clause D.5.1.

Itis, in the present approach (clause D.5.2), sufficient to find the expressions rdating inputs and outputs, differentiate,
and then resolve the linear equationsin order to obtain:

- dgy;
- dgy
- dg,.

It has finally to be noted that, in this approach, the output random variables can be matched directly to the estimation of
the errors corresponding to measured val ues (probability of having the error within a certain interval), as opposed to
clause D.5.1 where the output random variables would correspond to the probabilities of having avalue of the
measurement itself within a particular interval.

More precisdy, the difference in interpretation (between clauses D.5.1 and D.5.2) differs by a constant, which isthe
measured value. Therefore, calculations on sgmas (g) are the same when using either the approach given in
clause D.5.1 or that given in clause D.5.2.

D.5.3 Examples of application to particular cases

D.5.3.1 Using random variables together with differentiation in a
measurement, case of multiplicative functions

In the case where the equations are multiplicative, the set of functions can be written as:

S T T I K VI () W (1) RO (P
- gk('l,...|j,...|n)=A2()...;
- Gyl )=

Then it becomes more convenient to use other type of expressions:

d.
- eitherd—g: d, +....+bj|—' +....+b O:I” (logarithmic differentiation);

n
1 j n

- or ... totransform the expressionsinto dBs.

The handling and understanding of these situationsis similar to that of clause D.5.2, with the exception that the random
variables (and corresponding sigmas) can be mapped now to relative values, as opposed to absolute values in the
approach given in clause D.5.2.

It has to be noted, however, that in approaches clauses D.5.1 and D.5.2 random variables (and sigmas) have a unit
(mA, V, etc) whilein clause D.5.3 random variables (and sigmas) are relative, and have no real units (noting that values
expressed in dBs are some kind of relative values).
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D.5.3.2 Substitution measurements

Substitution measurements are often used in radio. It is expected by doing so, to reduce the influence of some parts of
the set up, and their contribution in the uncertainty.

The methodol ogy presented in clause D.5.1 is based on the handling of a set of p functions of n variables.

In the case of substitution measurements, the test set up for the measurement of radio systems can be modelled using
two of these equations:

- oneeguation corresponding to the test set up "before” the substitution;

- one equation corresponding to the test set up "after” the substitution.
The set of equations can therefore look like:

SR (CT R Y &

S« X (P P )

The practical handling and understanding of this set of two equationsis similar to that corresponding to clauses D.5.1 or
D.5.2 (using differentiation), with the exception that the random variables involved in the two equations are not
necessarily independent, and that the aim of this method is to reduce the number of termsto be taken into account. This
isusualy done by cal cul ating the equation corresponding to the difference (subtraction) of the two equations of the set.

It istherefore basic to identify:

- which inputsarein reality identical and appear in away that they can be discarded (no contribution for the
uncertainty, e.g. a cable which is used twice in the same conditions);

- which inputs (mapped to contributions of the uncertainty) are independent;
- which inputs (mapped to contributions of the uncertainty) are not independent.

Asaresult of thisanalysis, some of the contributions are to be combined by RSSing, others disappear, others have to be
combined in other ways (e.g. by linear combination asindicated in clause D.3.4.6).

Substitution methods are often used for radio measurements because they are expected to provide better results.
However, the analysis required for the evaluation of the corresponding uncertainties requires certainly more care than
the analysis required in the case of direct measurements.

NOTE: Thisanalysis hasnot necessarily been completed in all examplesincluded in the present edition of the
present document.

D.5.4 Empirical approach to find a model of the system

When the equations are difficult to reach or to handle, it is possible for a complete system or for a part thereof (see
clause D.5.5) to try and find the equivalent of the partial derivatives (the coefficients needed in the linear equations
addressed in clause D.5.2 and possibly in clause D.5.3) by practical means.

Having the measurement set up operational for the measurement being considered, and having performed that
measurement once, it isthen possible to make "small” variations of the settings of the various instruments, in particular
concerning the generators.

Such small differences (matching mathematically the dl;) shall be:

- small enough so that the system being analysed can be considered as linear within that range (+dl;);

big enough to be large compared with the uncertainties of the measurement ("measurement noise");

- small enough so that equipment remains within the same operating range (e.g. the same scale for a voltmeter);

made preferably both sides of the original setting (1;), in order to obtain directly +dl;.
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The direct observation of the outputs of the system, would allow for amodel to be established, providing the effect of
09,

the corresponding inputs (i.e. providing the values of the various coefficients corresponding to the aT of
i
clause D.5.2).

In order to evaluate the random uncertainties in the set up, each time an input valueis changed, it should be, for awhile
brought back to itsinitial value (I;), and the measurement performed again. In thisway, there is agreat number of
evaluations of the measurand under nominal conditions, which gives a good visibility of the randomness associated with
the set up. The knowledge of the dispersion of the results can be very helpful in order to choose how small should be
the variations ("step sizes") in the settings of the various instruments (it isimportant to avoid taking noise for the effect
of variations of the inputs!).

Example of sequence of such steps:

S (PR RSN
S (PR X MO TR P &
S (PR RSN
= (-8 e L)
S (PR RSN

- dmilar sequencefor I;
- éc...until ... 1,

With 4 points per input variable ... there are 4 n points to be measured. More points may be necessary if the effects are
not linear.

Obvioudy, this procedure is supposed to cover only those parameters for which small variations are possible. This
procedure can be very useful when the mathematical expression providing the effect of such inputsis difficult to obtain.

The evaluation of the effect of small variations of one variable (input) could be completed with the evaluation of the
effects of changing smultaneoudy two or more inputs (e.g. for verification purposes, in particular for identification of
variables which may interact), aslong asthe interpretation of the corresponding resultsis fruitful.

Methods given in clauses D.5.2 and D.5.3 could then be used, based on these empirical values found, or on an
appropriate mix of values empirical and/or theoretical.

D.5.5 Splitting into sub-systems
The am of defining sub-systemsis 3 fold:
- to keep equations within manageabl e sizes;

- toprovide "building blocs’ which could be used several times, without further mathematical work (i.e. subsets
common to different measurements);

- tosupport and simplify methods such as substitution methods, where parts of the set up are expected to be used
twice.

When looking at the present document and its previous versions, it becomes clear that one of the major problemsthis
report had to cope with is the need, in radio measurements, to handle smultaneously e ectrical signals whose levels
cover several orders of magnitude. Therefore, in some casesit is more practical to handle dBs, in othersto handle linear
terms. Clause D.3.8 of annexes D and E show that besides very simple approximations (based on Log (1 + X) = x)
conversions in either directions are somewhat awkward and subject to discussion (e.g. to start with, questions such as
"what are the basic shapes of the uncertainties, and in which domain” have to be answered).
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The usage of sub-systems could, in some cases help this problem: an attempt could be madeto isolate, in some sub-
systems, partsto be handled in dBs, and, in other sub-systems, partsto be handled in linear terms, in an attempt to
reduce the number of conversions (in particular conversions of uncertainties having values too large for simple
approximations to be acceptable).

However, it has to be stated once again that all the analysis performed in clause D.3 (combination of random variables)
were based on calculations on independent random variables. Therefore, to bein a position to use the tools devel oped so
far, great care has to be taken so that there are not two variables inter-related in two different subsystems.

It can al so be noted that empirical methods were proposed in clause D.5.4, in order to establish amodd for a complete
systems or partsthereof. Such possibilities may have also to be taken into account when tying to split systemsinto
subsystems.

In the case of automated uncertainty evaluation systems, splitting in sub-systems could lead to concepts having a
flavour of subroutines or even aflavour of object oriented systems.

D.5.6 Presentation and interpretation of results obtained (outputs)

The last clause(s) of clauses D.5.1 and D.5.2 have provided for an interpretation of the results obtained when combining
in an appropriate manner the statistical/probabilistic properties of the "inputs' to the system being considered.

The purpose of clause D.5.6 isto provide amore general view on the topic and to go one sep further, into the area of
confidence levels.

Therefore, this clause starts with a classical approach, the "worst case" approach, and continues with the "probabilistic
approach”, which corresponds, in fact, to the "main stream™ of the present document.

D.5.6.1 Worst case approach

This clause can be understood as part of an introductory clause to clause D.5.6.

In the "worst case approach”, each contribution to the uncertainty is expected to be bound (which would not be the case
for a probability density having a normal distribution).

In this approach, the evaluation of the uncertainty is based on the analysis of the situation where each variable would
have had a value contributing to the "worst case" scenario.

In the case where all contributions correspond to rectangular distributions and are to be combined using an addition,
then the "worst case approach” would provide the extreme points of the "foot-print” of the combined uncertainty (found
in accordance with clauses D.3 and D.5), i.e. the interclause of the curve representing the distribution of combined
uncertainty with the xx' axis (the horizontal axis).

D.5.6.2 Probabilistic approach

The "probabilistic approach” would rather focus on other properties of the combined uncertainty (e.g. its sandard
deviation or the shape of the corresponding distribution) than on "foot-prints’, which is the focus of the "worst case
approach”.

D.5.6.2.1 Preliminary comments (and choice of scenario)

Clause D.5.6 and more particularly clause D.5.6.2 areintended to establish the relation between the results found when
combining the various contributions to the uncertainty ("combined uncertainty") and the value to be provided as the
result of the evaluation of the corresponding uncertainty.

As shown in clause D.5.6.1, in the case of the approach called "worst case approach”, thisis quite straight forward. It
can be alittle more complex in the case of the "probabilistic approach”:

- the"worst case approach” leads to the calculation of the value of a set of extreme points, while the "probabilistic
approach” requires the understanding of the under-laying phenomena (and not only the RSSing of all the
contributions).
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The "probabilistic approach” triggers also new problems such as those related to the co-existence of expressionsin
linear terms and in dBs (in the case of the "worst case”, should this happen, it is only necessary to calculate the two
extreme points, so mixing dBs and linear termsisnot areal problem, it only meansthat there are afew conversionsto
be performed).

Looking morein depth, it could be expected that the individual contributions to the measurement uncertainty are
relatively small so that their conversions (dB into linear terms and vice-versa) are not areal problem (they can be
performed using linear approximations). It is neverthel ess important to make sure that the shape of the corresponding
distribution has been correctly chosen (should the corresponding distribution have arectangular shape, should it be
rectangular in terms of dBsor in linear terms?).

In the case of results of complete measurements, however, the combined uncertainty value may be quite large (see the
tablein annex B providing "the maximum uncertainty” values). For such high values (up to several dBs) significant
differences may result from the way in which the conversions are handled (see, for example, clause D.3.8.4 and

annex E). The example provided in clause D.3.7.4 shows clearly how much care isto be devoted to approximations.

Asaresult, thefollowing strategy can be proposed:

- touserather simple conversion methodsin order to perform the conversionsreating to the various contributions
(small values);

- to use more accurate methods when the values become higher (in particular final results of a measurement or
fina result of some "sub-system” (see the presentation of the sub-system concept in clause D.5.5)).

Among possible methods to make the conversions, can be quoted those presented in this annex (see clause D.3.8.4),
those in annex E (presented differently, but equivalent (as indicated in clause D.3.8.4)); spread sheets can a so be used,
€tc.

Attention has also to be drawn, again, to the fact that, during such conversions, familiar distributions, smpleto describe
in mathematica terms, are transformed in less familiar distributions (often having asymmetrica shapes and more
complex to describe in mathematica terms) where the first moments (mean value, sandard deviation) do not
necessarily convey the expected information in a handy way... and are not necessarily the images of the corresponding
points (moments) before the conversion.

D.5.6.2.2 Summary of the methodology

The approach proposed in anumber of detailed examples (given in annex D and in the main body of the report aswell)
can be summarized as follows.

1) All the contributionsfor the uncertainty have to be identified (and the relations between the various parameters
established).

2) The statistical/probabilistic properties (e.g. the standard deviations of the various contributions) have to be
identified and appropriately combined together (see clauses D.5.1 and D.5.2).

If the combination corresponds to mere additions, then the situation is covered by the "BIPM method" and an
RSSing of the various components can be performed.

3) Assuming that the appropriate combination of all contributions would result in a Gaussian shaped distribution,
then the "combined uncertainty”, characterized by its standard deviation, would be equal to the standard
deviation of that Gaussian distribution.

This Gaussian would then represent, in fact (more precisaly, in the case of the method given in clause D.5.2) the
probability of error of the measurement (i.e. the uncertainty).

NOTE 1: In the case where the method provided in clause D.5.1 isused, the interpretation is similar, except that the
resulting Gaussian would then correspond to measured values. Its mean value would then correspond to
theresult of the measurement (it could provide the "measured value").
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4) A random variable E, the error of the measurement, corresponding to the above Gaussian distribution can be
considered.

Itis characterized (similarly to what has been written anumber of timesin this annex) by the fact that its value x
has a probability of occurrence given by the corresponding probability density e (x):

- by definition, the probability P, of the random variable E (the "error") having a value x such that:
)
X1 <X<X2is P,= Ie(x)dx.
%
Similarly, we can consider:

P.(X) = fe(t) dt,

and therefore (by differentiation):
dP. = e (x) dx.

5) When acertain set x4, X, iS given, these bounds together with the shape of the Gaussian provide the probability
of theerror of the measurement being within those bounds.

XZ

e 29 where o(Sgma) is the standard deviation of the

The equation of such a Gaussianis Yy =
o~ 2T
Gaussian (and is equal to the combined uncertainty of the measurement), as shown in clause D.1.

When x = +o(sigma, the standard deviation), the corresponding valuesy; and y, are known, and the surface
between the curve and the axis xx' (between +o (sigma)) can be found:

- this surface provides the probability of the error being between +o (sigma), which is

P.= Te(x)dx; or

+0 X2

P=[———e? dx.
© IU\/ZZT

-
This probability is equal to 68,3 % and provides the linkage to the confidence level.
6) Asdefined in TR 100 028-1[17], clause 4.1.1:
- absolute error = measured value - true value.

Therefore, when the probability of the absolute error being within +ais 68,3 %, then, the probability of theresult
of the measurement being within +¢ of the true valueis a so 68,3 %.

7) In order to have another (usually greater) confidence level, Pe another set (therefore with wider values) x;', x;'
has to be found.
X!
sothat P, = j e(x)dx.
M
The value of 1,96 has been given in the main body of the present document, as the multiplicative factor ("expansion

factor") to be used in order to reach a confidence level of 95 %:

- whenx;=-1,96X g,
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- andx,=+1,96x g;

+1,960 x2

_~ _e2’dx= 0,95, which is the sought confidence level.
—l,.!ﬁa o~ 21T

Thisistrue for any normal distribution (it is true for any Gaussian, independently of the value of g), but true for normal
distributions only.

An expansion factor of 2 can also be used:

+20
1

e 2 dx=0,9545,

o=\ 2T

20

An expansion factor of 2 provides therefore a confidence level of 95,45 %.

+ko X2

NOTE 2: The values of e 20 dX i.e the values of the confidence levels corresponding to an

e ON2IT

expansion factor k can be found easily in tables (such tables are often appended to books relating to
probabilities (and providing properties of the Gaussians)).

D.5.6.2.3 Normal and non-Normal distributions
The principles given above are valid in all cases.

However, it is obvious that all numerical values, and in particular the actual values corresponding to "expansion factors'
(i.e. 1,96 or 2 in the case of Gaussian distributions), are depending on the shape of the probability density resulting of
the combination (i.e. the density probability of the error in case D.5.2) for a particular measurement.

An interesting example can be found in clause D.3.3.5.2.2.

Should the fina probability density curve have a shape dgnificantly different from a Gaussian, then the multiplicative
factor (the "expansion factor") to get the 95 % confidence level would have to be re-evaluated, taking into account the
actual probahility density (thiskind of difficulty had already been identified in TR 100 028-1 [17], clause 6.6.5.1, where
the direct usage of the expansion factor would have led to negative bit error ratios!).

That iswhy in clause D.3, not only the two first moments of the various combinations were evaluated, but were also
provided the equations corresponding to the resulting probability densities themselves.
D.5.6.2.4 Confidence levels for non-Normal distributions

When having the expression of the resulting distribution e (x), then the confidence level is given by the same expression
asfor normal distributions

+ko

I e(X) dx = confidencelevel corresponding to the expansion factor k.

-ko

However, for unusual expressions of e (x), it isunlikely to find the corresponding valuesin tables... the corresponding
calculations will therefore have to be made on a case by case basis.

Further comments

1/ Inone of the examples given in clause D.3.3.5.1, it is shown that the result of the additive combination of two
Gaussian shaped uncertainties (i.e. random variables) is aso a Gaussian shaped uncertainty (i.e. random
variable).

In thisrespect Gaussians are stable (rectangular distributions are not: the combination of two identica
rectangular distributionsisatriangular distribution, as shown in clause D.1.3.2).
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2/ Converting dBsinto linear and vice-versa, tends to generate asymmetric distributions, and this may have to be
duly taken into account. An attempt to give some properties of asymmetrical distributions has been made in
clause D.1.3.3 (trapezoidal) and clause D.1.3.5, but cal culations with such expressions are not always that easy.
Handling such expressions is an area where approximations can be used extensively.

Symmetrical expansion factors can be used in all cases, but when distributions are asymmetric, it can also be
thought of using asymmetric expansion factors (one for expanding the lower bound and another for expanding
the upper bound).

Another proposal had been made in the first days of ETR 028 [16]: to calculate both a"sigma plus' and a"sgma
minus', asif thefina error distribution was composed of 2 half Gaussian distributions:

XZ

1 -2
e 27 with two values for sigma, one when X is positive and another when x is negative.

o\ 2T

one trouble with such arepresentation is that the 2 distributions do not necessarily fit together in O:

1
0) = ——, which shows that y (0) dependson g (sigma).
y() 0_\/5_[ y (0) dep (sigma)

+& 0
Thereforee (0) # e (07) and e (0") dx £ e (0) dx finally P(£")= Ie(x)dx £ P(e)= Ie(x)dx which

0 -£
does mean that the probability of having arange of very small positive errorsis significantly different from that
of having a very small range of negative errors... not very satisfactory!

The way to handle the uncertaintiesin the present version of the report seems more satisfactory.
3) It can also be noted that afinite sum of distributions having afinite footprint has also afinite footprint.
Asaresult, in such a gtuation, there should be an expansion factor providing a 100 % confidence.

4) Clause D.3.3.5.2 has highlighted a case where a non finite sum of rectangular shaped distributions has provided a
finite footprint. In such case, there should also be an expansion factor providing for a 100 % confidence level.

5) Inthecase wherea"worst case” (see clause D.5.6.1) value exists, then there should also be an expansion factor
providing a 100 % confidence level.
D.5.6.2.5 Practical conclusions
Asaresult, and in order to avoid extensive discussion, results could be presented:
- asa"l1,96x o(sgma)" value; or
- asa"95 % confidence level" value;
- with anote stating that the two values are equivalent in the case of normal distributions.
This should replace text such as:

- "the expanded uncertainty is+1,96 x 1,06 dB = 2,07 dB at a 95 % confidence level", which has a so been used
for cases where there isno evidence that the distribution concerned isnormal (the number (and rel ative weight)
of contributions combined in many eval uations of the measurement uncertainty may not be sufficient for the
central limit theorem to be valid).

NOTE 1: As shown above, the method to be used when changing the confidence level can be justified by the
properties of the distribution obtained when combining the various contributionsin order to obtain the
combined uncertainty, in particular, when a Gaussian distribution is obtained.

NOTE 2: Thereisno need to use the t-Student theory (which isvalid only when normal distributions are handled),
and which relates to statistics (e.g. series of measurements).
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D.5.6.2.6 Implications

Corresponding changesin text should therefore be introduced in anumbers of places (including in a number of clauses
of the present document).

In areport relating to measurements, should be found:
- themeasured value;
- the uncertainty value found;
- adtatement indicating that:
- thisuncertainty value correspondsto "a confidence level of 95%"; or

- thisuncertainty value correspondsto "1,96 x g (sdgma)" (where 95 % and 1,96 are the values used in the
main body of the present document);

- andanoteindicating that "1,96 x o (sigma) is equivalent to a confidence level of 95 % in the case where
distributions are normal”.

NOTE 1: Anexpansion factor of 2 isalso acceptable. It correspondsto a confidence level of 95,45 %.
NOTE 2: In this case, the statements above should be amended accordingly.

D.5.6.2.7 Examples (excerpts from available standards)

ETSI has been drafting technical standardsin support of a variety of radio equipment, and also a number of standards to
be harmonised under Directives, such asthe R& TTE Directive.

The following excerpts were taken from:
- part 1 (corresponding to "the radio product standard"); and

- part 2 (corresponding to "the candidate harmonised standard") of the standard corresponding to one particular
product.

This material, provided as an example, shows how the words proposed above (in clause D.5.6.2.6) have been used in
recent standards prepared by ETSI.

A third example shows how double sided limits have been handled in TR 100 028-1 [17] of a standard relating to
integral antenna equipment (in the clause relating to limits).

D.5.6.2.7.1 Excerpts from a "Part 1"

11 Measurement uncertainty

Table 9: Absolute measurement uncertainties: maximum Values

Parameter Uncertainty
Radio Frequency +1 x 107
RF Power (up to 160 W) +0,75 dB
Radiated RF power +6 dB
Adjacent channel power +5 dB
Conducted spurious emission of transmitter Valid +4 dB
up to 12,75 GHz -
Conducted spurious emission of receiver, Valid +7 dB
up to 12,75 GHz -
Two-signal measurement, Valid up to 4 GHz +4 dB
Three-signal measurement +3 dB
Radiated emission of the transmitter, +6 dB
valid up to 4 GHz B
Radiated emission of receiver,
valid up to 4 GHz *6 dB
Transmitter attack time +20 %
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Parameter Uncertainty
Transmitter release time +20 %
Transmitter transient frequency (frequency +250 Hz
difference)
Transmitter intermodulation +3dB
Receiver desensitization (duplex operation) +0,5 dB
Valid up to 1 GHz for the RF parameters unless otherwise stated.

For the test methods, according to the present document, the measurement uncertainty figures shall be calculated in
accordance with TR 100 028 and shal correspond to an expansion factor (coverage factor) k = 1,96 or k = 2 (which
provide confidence levels of respectively 95 % and 95,45 % in the case where the distributions characterizing the actual
measurement uncertainties are normal (Gaussian)).

Table 9isbased on such expansion factors.
The particular expansion factor used for the evaluation of the measurement uncertainty shall be stated.
NOTE 1: Thetable of "Absolute measurement uncertainties' isincluded here just for completeness.

NOTE 2: The"standard table" can be found in annex B.

D.5.6.2.7.2 Excerpts from a "Part 2"
5.2Interpretation of the measurement results.

Theinterpretation of theresultsrecorded in atest report for the measurements described in the present document shall
be asfollows:

- the measured value related to the corresponding limit will be used to decide whether an equipment meetsthe
requirements of the present document;

- thevalue of the measurement uncertainty for the measurement of each parameter shall be included in the test
report;

- thevalue of the measurement uncertainty shall be, for each measurement, equal to or lower than the figuresin
table 1.

For the test methods, according to the present document, the measurement uncertainty figures shall be calculated in
accordance with TR 100 028 and shal correspond to an expansion factor (coverage factor) k = 1,96 or k = 2 (which
provide confidence levels of respectively 95 % and 95,45 % in the case where the distributions characterizing the actual
measurement uncertainties are normal (Gaussian)).

Table 1 isbased on such expansion factors.

The particular expansion factor used for the evaluation of the measurement uncertainty shall be stated.
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Table 1: Absolute measurement uncertainties: maximum values

Parameter Uncertainty
Radio Frequency +1 X 1077
RF Power conducted (up to 160 W) +0,75 dB
Conducted RF Power variations using a test fixture +0,75 dB
Radiated RF power +6 dB
Adjacent channel power +5 dB
Average sensitivity (radiated) +3dB
Two-signal measurement, valid up to 4 GHz (using a test fixture) +4 dB
Two-sighal measurement using radiated fields (see note) +6 dB
Three-signal measurement (using a test fixture) +3dB
Radiated emission of the transmitter, +6 dB
valid up to 4 GHz B
Ra_dlated emission of receiver, +6 dB
valid up to 4 GHz
Transmitter transient frequency (frequency difference) +250 Hz
Transmitter transient time +20 %

Values valid up to 1 GHz for the RF parameters unless otherwise stated.
NOTE: For blocking and spurious response rejection measurements.

NOTE 1: Thetable of "Absolute measurement uncertainties' isincluded here just for completeness.

NOTE 2: The"standard table" can be found in annex B.

D.5.6.2.7.3 Excerpts from a "Part 1" showing words used for double sided limits

The following piece of text shows one way to adapt the "shared risk approach” to the case where the measurement
uncertainties are larger than the allowed tolerances. Should such a case happen, the direct implementation of the "shared
risk approach” could have resulted in a situation where good equipment might have failed the test.

5.1.2.1Effective radiated power under normal test conditions

The maximum effective radiated power under normal test conditions shall be within d; of the rated maximum effective
radiated power.

ol

The alowance for the characteristics of the equipment (£1,5 dB) shall be combined with the actual measurement
uncertainty in order to provide d;, asfollows:

df2 - dm2 + dez;
where:
- dyistheactua measurement uncertainty;
- deistheallowancefor the equipment (1,5 dB);
- dristhefinal difference.
All values shall be expressed in linear terms.
In all cases the actua measurement uncertainty shall comply with clause 10.

Furthermore, the maximum effective radiated power shall not exceed the maximum value alowed by the
adminigrations.

Example of the calculation of d:
- Oy =6dB (value acceptable, asindicated in the table of maximum uncertainties, table 8);
=3,98in linear terms,

- de=1,5dB (fixed value for al equipment fulfilling the requirements of the present document);
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=141inlinear terms,
- d?=[3,98)% +[141)%
therefore d; = 4,22 in linear terms, or 6,25 dB.

This calculation shows that in this case d; isin excess of 0,25 dB compared to d.,, the actual measurement uncertainty
(6 dB).

Comment: in the present document, it was chosen to combine the two componentsin linear terms.
It could have been decided, aswell, to do the operation in dBs see the corresponding discussion in
clause D.5.6.2.1.
D.5.6.2.8 Confidence levels and single sided limits

The confidence level has been related to:

X
P,= Ie(x)dx , the probability of the value x of the random variable E being so that x; < X < .
%

In the case where L isalimit value (single sided), and V the true value of the measurand, then the probability of having
good equipment failing the test is such as:

o V-L
I:)fail+ = I e(X)dX or Pfa”_ = I e(X)dX
Lov °

as appropriate (depending on therel ative position of the sought value, V, inrdationtoL).

In the particular case when the distribution is, in fact, anormal distribution, and when the true value of the measurand
isat 1,96 x g (sgma) from thelimit L, then the expression of the probability of having good equipment failing the test
issuchas:

X2

+00
1 X
Pai = I ———e?% dx=05 (2-0, 95) =0,025.

1560 TN 2T

It can be noted, however, that, as already suggested, in the case of radio measurements, finite sums of finite
distributions are often found. Therefore, it isfar from being sure that the Gaussian model is suitable for the
discussion of effects far away from the area-o to+og , such asthe probability of failing good equipment.

Itisquitelikely that, in many cases, by increasing the expansion factor, the "worst case" value isreached, while, with
the Gaussian moddl, there is aways a (remote) probability to fail agood unit.

The safe approach to calculate the probability of failing good equipment is certainly to calculate the actual distribution
first, and then to use expressions such as those given in the beginning of the present clause, in order to calculate the
appropriate probabilities.
D.5.6.3 Conclusions
Clause D.5.6 has provided an overview of the usual ways of addressing uncertainties:

- the"worst case" approach; and

- the"probahilistic" approach.

It has al so covered the relations between these approaches aswell as methods and caveats relating to the eval uation of
the corresponding "confidence levels".

Finally, it has aso proposed methods to calculate correctly the probability of failing good equipment.
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D.5.7 Summary

Clause D.5 has provided a set of approaches and methods that should cover the evaluation of measurement uncertainties
and their confidence levelsin amost situations (and can also cover applications far beyond the scope of the present
document).

The majority of the clausein D.5 address however, implicitly, the case where differentiation isused (clause D.5.2). But
most concepts are usable also without differentiation (clause D.5.1); in some cases a dight transposition may have to be
performed by the reader (trying to cover fully and individually, in this clause all possible combinations of methods and
approaches could have resulted in an unnecessarily bulky clause).

Clause D.5 provide, in fact, the basis for the various clauses of thisreport (i.e. the "examples'), even though, in the
majority of cases only the handling of the"sigmas" (standard deviations) has been described (while forgetting quite
often to provide the underlying physical equations and to discuss which variables are independent and which are not),
an areawhich could be enhanced in future editions.

D.6 Conclusions

Annex D has provided general methods based upon the analysis of complex systems and anumber of tools (e.g. in
clause D.3) allowing to evaluate the measurement uncertainties related to the various measurement set up. It hasin
particular provided support for anumber of clauses of both parts 1 and 2 of the present document, as well ashighlighted
precautionsin order to avoid fundamental errors while using the exampl es devel oped over the various clauses

(e.g. special attention to the independence (or possible inter-dependence) of the various associated random variables).

When drafting this annex, the new situation in Europe, originated by the implementation of the R& TTE was alsoin
mind: it islikely that in the future, with concepts such as self-declaration or self-certification, many more partners will
have to make and understand radio measurements, and to handle the corresponding measurements uncertainties
(hopefully in the same way). Therefore, new text was written in an attempt to make the present document as much salf
contained as practical, including all the theoretical elementsallowing for any laboratory to understand what is to be
done and obtain correct values, while giving any one a chance to try and find sol utions well adapted to his own
measurement set up.

It is aso expected that many other types of systems might be analysed using the methods devel oped in this annex.

It can be noted, for example, that anumber of mobile systems use adaptive techniques, such as power control. Such
techniques are usually, in one way or another, based upon measurements (made by the mobiles and/or by base or
monitoring stations).

The methods presented in this annex could certainly be helpful also when evaluating the influence of the measurement
uncertainties relating to such (simple) measurements, on the performance of the modern mobile systems where such
features areimplemented. Among possible effects of such uncertainties can be quoted loss of system capacity,
signalling overhead, or even system oscillations.

Measurement uncertainties (aswell as dispersion of equipment characteristics) may also have to be taken into account
in studies relating to the compatibility between systems, systems lay out, etc.
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Annex E:
Mathematical transforms

This annex shows how direct methods can be used to transform distributions. Other methods (more general methods)
for transforming (or converting) distributions are presented in clause D.3.9.

E.1  Principles of derivation of formulas when
transforming from log to linear

When transforming from one co-ordinate system to another the following apply:

1) The probability of an event being within an interval is the same no matter which scale on the co-ordinate system
you look at:

p1(x) P2 (X)

A A

dB %

A B ) / /)

A B
A/%oorresponds to AdB and Bo corresponds to BdB

B B’
j py(x)dx = j Pa(xq )dxy
A A
which aso meansthat:
f py(X)dx = f Po(%g Jax =1

—00 —00

Based on this, the converted distribution can now be derived.
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E.1.1 A rectangular distribution in logarithmic terms converted to
linear terms

In this example arectangular distribution in logarithmic termsis converted to linear terms:

A p(x)

A —Lf A<x<A
p(x)—2A or <X<

p(x) =0 for all other values of x

daB

7

-AXt X2 0 +A

The probability of x being in theinterval between x; and x, is:

%1 [ 1 1 ]
| =dx=| ==X =% |;
XLZA 2A 2A

1
:ﬁ(XZ _Xl) .
In log terms. Therefore in linear terms this becomes:
X2
1020 1
Xq)dX = —(X5 = %) ;
Ipz( 1) 2A( 2 1)
X1
102

X2 X
=P,[ 1020 |- P, 1020 | ;

X2

where P,(x) :I po(X) or in other words P2[1020 =2

Substituting P, =K' Log,, gives:

X

— X X
K'Log,| 1020 |=K/ 22 =22 :
910[ ] 20 2A
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_A 1 A
10 20 1020

From p,(x) the mean value x,, and the standard deviation can be found.

General formula:
X = [ Xpp (X)dx ;

C 1 C
xmzj'K;xdxzj'de;
B B

¥m =[KX]S=K (C-B).

-A A
where K=— 0 . pB=102 . C=1020,
ALn(10)

Then the standard deviation o can be found. The genera formulais:

Therefore:

s? = X2 - 2xnK(C - B) +%K(C2 —BZ) ;
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and xp, = K(C-B) hence:
§ ~k?(c -8 -2k7(c-8F » Lfe? - 87
:%K(CZ _ BZ) ~K?(C-B)%:

therefore:

s= \/O,SK(CZ - Bz)— K2(c-B)? .
This procedure can (in principle) be applied to any conversion of any distribution. See aso clause D.3.9 where agenera
approach is provided.

E.1.2 A triangular distribution in logarithmic terms converted to
linear terms

In the same way as with the rectangular distribution the conversion from logs to linear terms are made:

A
PL(X) 1 p1(x)=L2 A+x for O0>x=-A
A A
p1(x):L2 A-x for A=x=0
A
,&\ _ > dB p1 (x) =0 for all other values of x
-A X1 X2 + A

In the negative interval:

X X X

[rioc =[(Ee2)oc = 22
P A A2 A 2p2]

X1

X 2w X2 X2 X

22, %2 A, =P,[1020 | - R,[ 1020 | ;
A 2A7 A 2p?

X N
pl1020| =X4 X
2 2A2

KyLog(y)+ K (Log(y))*;

X
KlLog(j_OZO] = Klizl,

>| x

Solution:

20 A

2
X 52
Kol Log| 1020 | | =——;
2 2A2
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Logs converted to Ln:

1,2
Ki—=+K{—=" for 1020 <y<1; and
y y

Kl%—KanT(y) for 1< yleE;

A A
B=1020 andC=1020.

M ean value:

:[le]g +K12[an(x) —x]lB —Kf[an(x) —x]lc;

= Ky(C-B) +K{ 1-K7(B Ln(B) -B) -Kf(CLn(C) -C) —{ 1;

= Ky(C-B)-2K{ —KfB[_rl— J - Kfc(ki—lj ;
1 1

= Ky(C-B) -2K{ +K;B +K# xB -K;C +K{C;

Xm=KZ(B+C-2).
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Standard deviation:

cr 1 c
= J.(XmXKl +Kyx - 2XmK1] dx + Klzj [sz Ln)Ex) +xLn(x) - 2xan(x)j dx - Klzj [sz Ln)Ex) +xLn(x) - 2xan(x)j dx 5
B B 1

U xLn(x) = %szn(x) —%xzj :

1 c
= Ky| Xpm2LN(X) + =x2 = 2x,x
2 B
1

. Kfomz(Ln(x))z 2o 0l-2 -2l X)L ;

- KfB 3 2(Ln(X)? +%x2[Ln(x)—%J 2 xnx) - x)}

1

- Kl{ﬁz(Ln(C) ~Ln(8) +%(c2 -B2) ~2xy,(C —B)}

1
2
- KfExmz(Ln(c))2 +%C2(Ln(c) —%j ~ 2x(CLn(C) -C) +% —2xm}

(Kl(Ln(c)— Ln(B)) =1, Ln(C) :Kil, Ln(B) = —Kilj ;

= Kf(4xm —% +%(52 +c2) -2%m(B +C)j +Xm? ; and

s= \/Kf(élxm —% +%(52 +c2) ~2Xm(B +C)j + X2
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E.1.3 A rectangular distribution in linear terms converted to
logarithmic terms:

In this example arectangular distribution in linear termsis converted in to logarithmic terms:

A p(x) 1
C-B —1_
B=1-A ‘. e
' A
. C=1+A
Llnea>
BX1 X2 1 C
X, 20 Log x,
j Kidx = jpz(y)dy;
X 20Logx,
(K2x2 - K1X1) = p2(20 Log x2) - p2(20 Log xl) .
In other words: KX = p,(20 Log(x)) , the solution: p,(x)=K3102* where
K, :Zio = Kyx = Kg10220M0904) = Koy Now Ky =Ky py(x) = KgloKeX = Kgeketnliox.

Ln(10) _

Then K2 = 20

Now:

C-B 20
P2(x)= dp;)fx)
= K K,eke*
Ks = KKz
+00
Check: J. po(x) =1
20Log(1+A) K 20Log(1+ A)
J. K3eK2XdX:_3|:eK2X:|
20Log(1- A) K2 20Log(1- A)

_ %( oK220Log(1+A) _ K, 20Log(1- A)j
2

_1 e%xzox Log(1+A) e% x20 xLog(1-A)
2A

:2_1A((1+ A -(1-A) =1
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Mean Value:
C=1+A, B=1-A

20Log C
I xK zeK2X dx
20Log B

1 1 20LogC
= K{—xeK2X ——eKZX}

K 2
2 K2 20Log B

20LogC
= &|:eK2X(X —i :|

20Log B

- &{C(zomg(c) —Ki) - B(ZOLOQ(B) ‘KLH

2 2

= X3]o(k,20L0(c) 1) ~B(K,20Lon(E) 1]

Standard deviation
s? :I(x —xm)zp(x)dx

20Log(1+A)=E
s? = I(sz +x2 —2xmx)K3eK2XdX

20Log(1-A)=D

5 E E r _ 4 E
Ko o K2 Ko K3 K2 K2

D

K
Now IxeKX :ieKX(x +ij and szeKX :ier(Xz _2x +ij and —3 =K,
K K K K K

s= |K; ZA{xmz + 2 +2X—mj (14 A)(Ez _2E —2mej ~(1- A)(DZ _2b —2mej
K2 K2 K2 K2
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E.2 Conversion factors
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Figure E.1: Standard deviations

Figure E.1 shows that if the standard deviation of a distribution in logarithmsis smaler than 2,5 dB to 3,0 dB
(resembling errors in theregion of 5 dB to 6 dB), the following formulais a good approximation: Ujlin = 11,5 x Ujlog.
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Annex F:
Influence quantity dependency functions

TableF.1isalist of influence quantity dependency functions and uncertainties that are dependant on the equipment
under test only. They are nevertheless necessary for the calculation of the absol ute measurement uncertainty.

The table contains three types of parameters:
- reflection coefficients for the calculation of mismatch uncertainty;

- dependency factors for the conversion from influence quantity uncertainty to uncertainty related to the
measurand;

- additional uncertainty caused by influence quantities.

The test laboratory making the measurements may, by means of additional measurements, estimate its own influence
quantity dependencies, but if thisisnot carried out the values stated in table F.1 should be used.

Table F.1 is based on measurements on a variety of equipment types. Each dependency is expressed as a mean value
with a standard deviation reflecting the variation from one EUT to another. Some dependencies related to the generd
test conditions (supply voltage, ambient temperature, etc.) theoretically influence the results of all the measurements,
but in some of the measurements they are so small that they are considered to be negligible.

Thetable is divided into sub tables relating to the measurement examples described in clause 7 of TR 100 028-1 [17]
(transmitter examples) and clause 4 of the present document (receiver examples). The corresponding clause numbers
are shown in brackets.

Table F.1: EUT-dependency functions and uncertainties

Mean Standard deviation
Frequency error (see clause 7.1.1 of TR 100 028-1 [17])
Temperature dependency 0,02 0,01 ppm/°C
Carrier power (see clause 7.1.2 of TR 100 028-1 [17])
Reflection coefficient 0,5 0,2
Temperature dependency 4,0 % 1,2 %l/°C
Time-duty cycle error 0 2% (p)
Supply voltage dependency 10 3% (p)/Vv
Frequency deviation (see clause 7.1.9 of TR 100 028-1 [17])
Temperature dependency 0,02 0,01 ppm/°C
Adjacent channel power (see clause 7.1.3 of TR 100 028-1 [17])
Deviation dependency 0,05 0,02 % (p)/Hz
Filter position dependency 15 4 dB/kHz
Time-duty cycle error 0 2 % (p)
Conducted spurious emissions (see clause 7.1.4 of TR 100 028-1 [17])
Reflection coefficient 0,7 0,1
Time-duty cycle error 0 2% (p)
Supply voltage dependency 10 3 % (p)/V
Intermodulation attenuation (see clause 7.1.5 of TR 100 028-1 [17])
Reflection coefficient 0,5 0,2
Time-duty cycle error 0 2% (p)
Supply voltage dependency 10 3 % (p)/V
Transmitter attack/release time (see clauses 7.1.6 and 7.1.7 of
TR 100 028-1[17]) 1,0 0,3 ms/kHz
Time/frequency error gradient 0,3 0,1 ms/%
Time/power level gradient
Measured usable sensitivity (see clause 4.1.1 of the present document)
Reflection coefficient 0,2 0,05
Temperature dependency 25 1,2 %/°C
Noise gradient (below the knee point) 0,375 0,075 % level/% SINAD
Noise gradient (above the knee point) 1,0 0,2 % level/% SINAD
Noise gradient (direct carrier modulation) 1,0 0,2 % level/% SINAD
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Mean Standard deviation
Amplitude characteristic (see clause 4.1.8 of the present document)
Reflection coefficient 0,2 0,05
RF level dependency 0,05 0,02 %/% level
Two signal measurements (see clauses 4.1.2,4.1.3, 4.1.4 and 4.1.6 of
the present document) 0,2 0,05
Reflection coefficient (in band) 0,8 0,1
Reflection coefficient (out of band) 0,7 0,2 % level/% SINAD
Noise gradient 0,05 0,02 %/Hz
Deviation dependency 0,5 0,2 %/% level
Absolute RF level dependency
Intermodulation response (see clause 4.1.5 of the present document)
Reflection coefficient 0,2 0,05
Noise gradient (unwanted signal) 0,5 0,1 % level/% SINAD
Deviation dependency 0,05 0,02 %/Hz
Capture ratio dependency 0,1 0,03 %/% level
Conducted spurious emission (see clause 4.1.7 of the present
document) 0,7 0,1
Reflection coefficient 10 3 %IV
Supply voltage dependency
Desensitization (Duplex) (see clause 5.2 of the present document)
Reflection coefficient 0,2 0,05
Temperature dependency 25 1,2 %/°C
Noise gradient (below the knee point) 0,375 0,075 % level/% SINAD
Noise gradient (above the knee point) 1,0 0,2 % level/% SINAD
Noise gradient (direct carrier modulation) 1,0 0,2 % level/% SINAD
Spurious response rejection (Duplex) (see clause 5.1 of the present
document) 0,2 0,05
Reflection coefficient (pass band) 0,8 0,1
Reflection coefficient (stop band) 0,7 0,2 % level/% SINAD
Noise gradient 0,05 0,02 %/Hz
Deviation dependency 0,5 0,2 %/% level
Absolute RF level dependency
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Annex G:
Mismatch uncertainties

G.1 Introduction

Mismatch uncertainties are calculated in the present document using S-parameters.

A two-port network connects a generator and aload with reflection coefficients g5 and g respectively. Input and
output wave amplitudes a; and a,, b; and b, exigt at the planes shown in figure G.1. The performance of this two-port
network can be specified in terms of four complex quantities known as S-parameters where:

b; = S48 + Spoay
b, = Snay + Spay
&y a
H H
©
A Two-port P §
E b, b, >

Figure G.1: Two-port network

The corresponding matrix of the network can be described by an S-parameter (Sfor scattering) matrix:

3 %]
S21 S22

Where S, isthe complex reflection coefficient at port 1 when port 2 is perfectly terminated (and vice versa). S, isthe

complex transmission coefficient (or gain) from port 1 to port 2 when both ports are perfectly terminated (and vice
versa). For passive, linear networks S,; = Sp,.

From the definition of Sparametersit is easy to see that mismatch lossis covered by the transmission coefficients. In
other wordsit is of no importance whether the attenuation of a network is caused by power dissipation in the network or
by reflection at the input.

Toillustrate this consider an ideal filter (ideal meansit islossless). All of the filtering is dueto reflections at the input,
asinanideal filter, no power can be dissipated inside itself. Thereforeif aloss (or gain) has been measured, the
mismatch loss has already been taken into account and only the mismatch uncertainty remains. Therefore no correction
due to mismatch lossisrequired.

G.1.1 Cascading networks

If two networks are cascaded (see figure G.2) the resulting network S-parameter matrix is a combination of the two
original S-parameters. First each individual S-parameter matrix must be transformed to a T-matrix (T for
transformation)

Where det Sisthe determinant of S

Then theresulting T matrix is calculated.
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For example:
Network C
@ Network Network @
@ A B @
Figure G.2: Cascading networks
S-parameters.
_|:SA11 sz} _|Se11 Spw2
Sp = SB =
Sp1 Saz S821 SBZZ
Which gives:

[Tau Tz | . = Teir  Te2
Kb T BT, T,
A21 Az B21 B22

The T-matrix for the resulting (combined) network (c) is then:

Tc=Talg

T\Ts = FAn Tar2 }{TBH TBlZ}
Ta2r Ta2o | Te21 Te22

_ {Tmfrsn + TaroTe2r TarrTiz + TMZTBZZ}

Ta21 11 + TazoTe2r  Ta21Tei2 + Ta2o Te22

From the resulting T~ back to S parameters:

1 {Tﬂ -detT}

S=—
Tll 1 - T12

From these genera methods some useful formulas can be derived:

Applying the methods on the two A and B, T, is found:

—— { 1  -Sp» } .
A~ )
Saz1 [ Sm1 - detSy

1 { 1 - Sp22 }
Sp21| Sm1 - Sm1Saz2 *Sa2Saz |

In the same way Tj is found:

_ 1 { 1 - Sg2 }
Sga1 [ Sen1 Se11Se22 + Sp12SB21

The combination thereforeis:

_ TAll TA12 TBll TBlZ .
Tl = 1 T T |’
A21 A22 B21 B22
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_ 1 { 1 - Sa2 }{ 1 - Sg22 }
Sp21S821 | Sm1 - Sa11Saze + Sm2Saz1 | Seir - Se11Se22 + SE12SE21 |

_ 1 { 1 Sp20Sp11 - S322Sa22(SB12SB21 ~ SB11S822) }
Sa215821 | Sa1 + Se11(Sa21Sa12 —Sa11Saze) - Sa11Se22(Sa21Sa12 — Sa11Saz2)(Se21Se12 —SB11SE22)
Which gives:
1-Sp>»S
Tey = - A282 B11
A215B21
_ Spi1 + Se11(Sa21Sa — S1Saz)
TC21 = S S
A215B21
_ —Sg2o —Spz2(Se12S821 — SE11SE2)
Tepp = 5SS
A21SB21
Ty =— Sp11Se22 +(Sa21Sa12 ~ Sa1Sa22)(Se21SR12 ~SB11SE2)
Sa21SB21
Sc:{soﬂ 5012}:i|:t021 —detTc}
Sy S| tgg 1 —tep
oy = 11 _ SanSsa1 , Saunt Se11(Sa21Sm2 ~ Sm1Saze) L Sant Se11(Sa21Sa12 ~ Sm1Saze)

tc;y  1-Sa»Spnn Sp21S821 1-Sa20Se11

_ Sa1 + Sp11Sa21Sa12 ~ Se11Sa11SA22
o =
1-Sp2Se11

_ Sp11(1- Sa2Se11) + Se11Sa21SA12

STl

1-Sp»Senn
Se115A21SA12
Sy =Sat— D
1-Sp2»Sp11
1 Sp0S
Scyy = — = —AATBAL )

tc;;7  1-Sa»Spnn

Scy, istheinput reflection coefficient of the combined network and Sc,, is the forward transmission coefficient. For
symmetry reasons Sc,, and S, can be derived directly from Scy; and Sc,:

SproSr19S
Stpp = Spap + o2 DB ©)
1-Sp2Sp11
SINDS
8}12 - = Al2-B12 (4)
Sp22Sg11

From formulait can be seen that now the reflection coefficient in the connection between the two networks becomes
part of thetotal transfer function: the denominator 1 - Sypp S311-

This causes the mismatch uncertainty as only the magnitudes of S,,, and Sz;, are known, the phase of the product is
unknown.
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The two worst case values of theterm 1 - Sy, Sgq1 @€l 1+ [Syp0|X[Sgq4] and 1 - [Syp5|%[Sg11]- The magnitude of the
denominator isthe magnitude of the sum of two vectors as shown in figure G.3 (where the circle of radius Sy,,S314 IS
normally much smaller than 1).

A Imaginary

Figure G.3: Vector summation

As can be seen from figure G.3 the denominator can be anywherein the circle with the radius [Sy,,|*[Sz14|- It can dso
be seen that there are angles for which the argument of the denominator is 1. The magnitude of the denominator is:

\/(1+acos@2 +(asin (92 =\/1+a2 cos” p+2acosg+a’sn’ @

where:

a= |Sapol 18511l

\/1+ az(sin2 @+ oS :4 +2acos ¢ (assin’p+ cosp= 1)

1+a? +2acosg (sincea<<1: & = 0 and 1+2a cosg= (1+a cos@)*

J(1+acosg)® = 1+ acosp

The mismatch error magnitude is a cosgwhere gis unknown (random). This function has the U distribution described
in clause B.2.3.

From the formulafor Sc;; and Sco, it can also be seen that the resulting input (or output) reflection coefficient isa

combination of thereflection coefficient of network A and a contribution from the reflection coefficient of network B
connected at the far end of the network.

For a passive linear network (like attenuators, cables and passivefilters) S, = S,,. In other words the transmission
coefficient and therefore the attenuation is the same in both directions.

In this case the resulting input reflection coefficient is S;; (which isthe input reflection coefficient when the output is

perfectly terminated) plus the reflection coefficient of the network connected to the output times the transmission
coefficient squared (and with the mismatch in the connector at the far end expressed by the denominator of the second
term of the formula).

Thisalso shows that if two components with poor VSWRs are connected together, it does not minimise the mismatch
uncertainty to use a perfect cable between the two components. The resulting input reflection coefficient of the cable
and the component is merely the reflection coefficient of the component phase shifted by the length of the cable.
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From the formulas for Sc,; and Scy, it can be seen that theresulting transmission coefficient (S,,/S;,) of the combined

network istheindividua transmission coefficients multiplied and combined with the mismatch in the connection
between the two networks (as expressed by the denominator).

G.1.2 Mismatch uncertainty calculations

Having discussed the individua uncertainty components of the test equipment an analysisis required, when they are
connected together, to determine the combined standard uncertainty contribution. From the formulas derived in this
Annex the uncertainties due to mismatch can be assessed.

A measurement set-up where absolute RF level s areimportant parts of the measurement often consist of some RF
modules connected in series, see figure G.4 (Cables, attenuators, filters, combiners, amplifiers, etc.).

SA12 SBlZ

SA11 SBll

RF
soce [ > < [Al> e <{ct>——<hl>< ng
Py, \j‘ A22 Sg22 P

Sp21 Sga1

Figure G.4: Typical network

For each individual component in this chain, transmission coefficients and reflection coefficients (or VSWRS) must be
known or assumed. Often the transmission coefficients are well known from data or measurements.

The exact values of thereflection coefficients VSWRs (which in RF circuits are complex values) are normally not
known as they do not have direct influence on the measured results. Even if the magnitude is known, generally, the
phase is unknown.

More often worst case values are known. Thiswill generally cause the cal culated mismatch uncertainties to be more
conservative (or worse) than they actually are.

The uncertainty due to mismatches of the RF level at the RF load (which can be an antenna, a detector, an EUT) in a
network like the one shown in figure G.5 can be calculated in the following ways:

The simplest case for assessing the uncertainty due to mismatch is a generator connected to aload through a coupling
network.

Coupling ~
network

Generator Load

Figure G.5: Generator to load through a coupling network

For the purpose of the calculations the generator is modelled as a perfect generator (output reflection coefficient = 0)
connected to anetwork with an output reflection coefficient equal to the actual generator output reflection coefficient.
(Also the network only has a forward transmission of 1,0 and a backwards coefficient of 0,0).

In the sameway the load ismodelled as anetwork connected to a perfect matched load. Also with aforward
transmission coefficient of 1,0 and a backwards coefficient of 0,0. The set-up of figure G5 now appears as shown in

figure G.6.
/10N /SN /10N
P S 22 P

0 0 : L 0 0
Perfect > < Generator > < Coupling > < Load > < Perfect

generator network network network load

Figure G.6: Perfect generator to perfect load through a coupling network

n
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The Smatrices for each component in figure G.6 is:

Generator network: 00 0’0} (S)
: 10
- S S&z}
Coupling network:
pling Sn Se S
: oL 00
Load network: 10 0,0} ()

The total transmission from the generator to the load can then be characterized by the combined network of the 3
components.

Astheinput and output reflection coefficients of the combined network is zero, the forward and reverse transmission
coefficients of the network fully describes the RF signal flow between the generator and theload, including all
mismatch uncertainties.

The forward transmission coefficient is calculated as follows:
The S-parameter matrix for the combined network is:

S S
S= S S Using formulas (1), (2), (3) and (4) the resulting matrix is:

S1156215612

/ =
S11=Seu t 1-SupSy

=0 (formulal)

=—2L__ (formula2)
1-p6S

Se2251512

/ =
==t 1-Se2»S11

=Sy +—ffiilgﬁ (formula 3)

| _ Sc12Si2 _ 0xSp _
Spp = Y =0 (formula4)

0 0
I _

S=_Sa S, + 22552

1-pcSu 1-peSu

Now only S,," needs to be cal cul ated:
/
I S
sl = 521/ L21
1-5S111
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ixl
1-pcSn
PS12S5

1_(522 +1_,0G811) X pL

1
- 1-peSu
1-pSp + pcla_piqéizl

- e (5)
(1_ pGS_Ll)(l_ pL522)+ PcPLS2SH

From the formulait can be seen that there are three mismatch contributions: One at each end of the coupling network
(characterized by the brackets in the denominator of (5)) and one caused by direct interaction between the generator and
theload. It isalso seen that this direct interaction is depending on the transmission coefficients of the network. The
greater the attenuation the less the interaction.

If the coupling network between the source and the load consists of more than one component there will be more
contributions to the mismatch uncertainty, unless the coupling network has been measured as one component. Mismatch
uncertainty at the connections between the individual componentsin the network.

For al network consisting of two components A and B, figure G.7.

~| Coupling ~| Coupling ~
1 network A "I network B Load

Generator

Figure G.7: Generator to load through two coupling networks

Theinput and output reflection coefficients are cal culated using formulas (1) and (3):

_ br1a10a01

Sy =ag t T Bghy (6)
_ aobioboy

So2 =bpp + 77 = Bght (7

and the transmission coefficients are calculated using Formulas (2) and (4):

__anby 8
So1=1C . 8
__aphp 9
Si2 =1 2oy ©)

A:|:all a12} B:{bu blZ}
A ap D1 by

For the purpose of calculating mismatch uncertainties the derived S-parameters are put into formula (5):

= a0y (10)
(1_ a22bl1{1_ P [ ay; - byya1589; ]J[l_ oL [bzz _ apbipby D + P PLa21B12bby

1-apby 1-apby 1-apby
From formula (10) it can be seen that there are 4 mismatch uncertainty contributions:

Mismatch uncertainty between A and B: *a,,0,1
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Mismatch uncertainty at the generator: + 6 (311 + _b11a12a21]
1-apbyy

Mismatch uncertainty at the load: +p0, [bzz + —azzblzbﬂj
1-apbyy

P PLA21312010091 _
1-axbyg

In the 3 later cases the denominator form of 1- a,,b,; can beignored asthe average is 1. Therefore it does not

contribute to the mismatch uncertainty. Furthermore the two formulas with brackets consist of componentswhich are
not correlated. These components must be treated individually. This gives the following contributions:

Mismatch uncertainty due to direct interaction between the generator and the load: +

Mismatch uncertainty between A and B: * a,, X by
Mismatch uncertainty at the generator: tpg*Xa ad  *pgxbyy Xap,Xay
Mismatch uncertainty at the load: tg xby,, and  Eg xay, xbj,xby

Mismatch uncertainty due to the direct interaction between the generator and the | oad:

* O X AL X 8gp X 8y X byy X by

G.2 General approach

A genera method for the calculation of the total mismatch uncertainty of a network consisting of any number N of
components between the generator and theload is as follows:

Each individual component is characterized by its S-parameter matrix:

. _|Sn S12} .
=] A, Py, i(n)
{921 Sp |7
The generator reflection coefficient is S ), and theload reflection coefficient is S, 1),; the mismatch uncertainty is
the combination of all possible products of the form:
322 XSll XS(|+1)12 XS(|+1)21 XS(|+2)12 X ovienn XS(-I-Z)].Z XS(J'2)21 XS(J'l)lz XS(J'1)21

O (n)and (1 ( (n+1) andi (j-2)

G.3  Networks comprising power combiners/splitters

In some tests power combiners/splitters are involved either to combine the signals from several signal sources or to split
the signalsto several detectors or measuring instruments. Under these circumstances there may be mismatch uncertainty
contributions from the other branches of the splitters/divider aswell asthose from the branch of interest. If thereisa
high isolation between some of the ports, this can normally be ignored. It plays, however, avital part where isolation
between input portsisneeded. (i.e. between generatorsto avoid third order intermodulation). Consider the network
shown in figure G.8.
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Generator

combiner

b |
>i< 3 port >i< Load
| |

—

Load

Figure G.8: Three port combiner

Su S22 Si3
The 3 port combiner is characterized by the Smatrix S=|S,y S»  Sp3

S S Sz3

Based on the generd formulaB = S x A, where:

B =| by, | whereb, isthe output signal from port n,

A=|a, | wherea, istheinput signa to port n, and

each port n is connected to areflection coefficient 4, the transfer function from the generator connected to port 1 to the
load connected to port 3 can be derived.

For alinear and symmetrical network (where S, = S; for all S) thetransfer function (formulab) is:
P2 XSS ¥ S XA +Sp(L =Sy *A) +Su((L Sy XA Sp %) §5 3 W)
((1-Su *A)L-Sz x09) =Sz %A *A)(L S %)L Sp %) S 5 %) B RSz & A Sl Su B)

As can be seen in thefollowing the 3. port (in this case port 2) adds to the mismatch uncertainty between the generator
and the load connected to port 3.

If all reflection coefficients except S,, and p, are 0,0 formula 5 isreduced to the following: (formula 6)

P2 xS xSy +Sul-Spxpp) = g (14 P27 512 XS5 ©6)
(1=S2xp2) S31(1- S X 02)

If the denominator second order uncertainty is disregarded in formula 6 an additional mismatch uncertainty contribution

appears: o, x % . As can be seen S,, does not directly contribute.
1

This mismatch component has a u-shaped distribution like the conventional mismatch uncertainty contributions. If all
reflection coefficients except 0, and o, are 0,0 formula 5 is reduced to the following: (formula 7)

SBl(l_'_prSlZXSBZ)
P2%Sip(S XS X 1+ Sp) + Sy @-Sh * 1% pp) = P2 X812 XS3p ¥ Sa1 %
(1-SE x o % py) (1—Sf‘z><p1><p2) (1_8122 X1 % 0o)

In the nominator we see the term already found in formula 6. In addition to thisthereis a contribution from the
denominator: sz X0 X
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In the same way if only o, and p; are different from 0,0:

X X
S31(1+ P S_I_Z S32)
P2*S%Sp+Su = S31 (8)
(l—S§2><p2><p3) (1_ 8322 X 0o Xp3)

giving the mismatch uncertainty contribution: S§2 X 0y X P3.

From these 3 additional mismatch contributionsit can be concluded that in networks comprising combiners or splitters,
all other portsthan the ports in the main path can contribute to the mismatch uncertainty in the main path.

If all other portsare connected to perfect terminations, they do not contribute, and the network can be regarded as one
path.

If, however, the other ports (n) are connected to reflection coefficients g, different from 0,0, these reflection coefficients
contributes to the total reflection coefficient at both the input and the output of the combiner, thereby combining to the
total mismatch uncertainty in the main path.

X
But in addition there is a contribution which is not the usual combination of two reflection coefficients: o, XM ,

So

where port i isthe input port, port o isthe output port, and port nisany of the other ports.

It contains only one reflection coefficient and some transmission coefficients. Asthe transmission coefficients can be
very high (closeto 1 or even higher if amplifiers are involved) this contribution can be dominating. It can cause much
bigger mismatch uncertainty than the sum of the rest of the components, and it can cause lack of isolation between
ports, where isolation is needed.

It should be noted that there are such mismatch uncertainty contributions from all ports except the two ports in the main
path.

Imagine an ideal 3 port hybrid combiner with atransfer function of o dB between the two input ports and 3 dB from
each port to the output. If the output of the hybrid combiner is connected to aload with reflection coefficient 0,1 the
effective isolation between the two input portsis:

01x+/2 x+/2
2

————F——=01414=17 dB.
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Therefore the matching of the unused ports is very important. In these cases the mismatch uncertainty between the input
port and the output port (e.g. port 1 to port 3 of a combiner) must then be calculated as follows:

1) all the"normal™ mismatch uncertainty contributions must be found;
2) thereflection coefficients connected to port 2 must be taken into account;
3) in addition to thisthereis an extra uncertainty component.

NOTE 1: Thisuncertainty component is not a normal mismatch component, it is calculated from: 0, xS,, X5;,/S;;.
Where p, isthe reflection coefficient of the network connected to port 2 of the combiner. If aresistive

combiner - for instance with an attenuation of 6 dB between the ports - isinvolved, thislast contribution
can be adominant oneif o, ishig.

NOTE 2: Thiscontribution isin the numerator of the transfer function, whereas the "normal™ uncertainty
contributions come from the denominator. The formula shown is consistent with the fact that if S,

approaches zero this uncertainty will grow to be greater than one, and the combiner will act asareflection
measuring bridge.

EXAMPLE: A 6 dB resistive combiner hasa signal generator (1) connected to port 1 and a second signd
generator (2) connected to port 2 (both input ports). The combiner port 3 (the output port) is
connected to an EUT. The signal generator and combiner reflection coefficients are 0,2 and the
EUT has areflection coefficient of 0,8. The mismatch uncertainty is calculated as follows:
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The standard uncertainty of the mismatch between the signal generator 1 and combiner inpuit:

_ 02x0,2x100

Ui generator 1 and combiner — 2 % = 2,828%

The standard uncertainty of the mismatch between the combiner output and the EUT:

— 0,2x0,8x100 _, _
uj combiner and EUT — T% =11,31%

The standard uncertainty of the mismatch between the signal generator 1 and the EUT:

_ 02x08x05° x100
uj generator 1 and EUT — \/E

% = 2,828%

The standard uncertainty of the mismatch between the signal generator 1 and signal generator 2:

y _ 02x0,2x05% x100

' generator 1 and generator 2 — \/5 % = 0,707%

The standard uncertainty of the mismatch between the signal generator 2 and the combiner:

u _ 02x0,2x100

j generator 2 and combiner — ﬁ % = 2,828%

The additional component is calculated as
0,2x0,5%x0,5%100

0,5x+/2

The combined standard uncertainty of the mismatch is

% =7,071%

/28282 +11,312 + 2,8282 +0,7072 + 2,828° + 2,8287 +7,0712 % = 14,50%

An extreme situation would be if all the components - except the load on port 2 - were exactly 50 Q; in this case the
only mismatch component would be the additional component (7 %).

Figure G9 shows the distribution where all reflection coefficientsare 0,1 and all transfer functionsare 0,5 (smulated
200 000 000 times). The standard deviation based on the smulation isfound to be 3,6871 %. The calculated standard
deviation is 3,7541 %. (The difference is due to that some second order components are disregarded in the calculation.).
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Load 2
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U95: min = -5,9600 and max

3,6871

Figure G.9: Distribution from the simulation
Generator —|S; S S3 Sy S—Load 1

Figure G.10: Example path between the generator and load

The formulae shown are al so applicable to non symmetrical networks. In stead of the squared terms the products of the

transfer coefficients in both directions must be used.

Example:

o
| o — e}
9 g3
g 3 o
S S
. O o
o I o
|
28 S 33
%m_ o O
S Q —
o o O
| | I
I I
m~ .~ 1
8 3
~
o o 9
~ O
o O
— W0 1
8o S8 8
S m Kob -
_nmo, m0,7 o
c® o oS g
L
o 8 ~ O O 8
23 555 33
SR SRR “298
_0__00__0_
I 1 I

ETSI



272

Pc=02=S g A41=0333
All possible contributions are:

Contributions in the main path between

Uj generator andinput of S, = W% =0,707%
Uj output of S, andinput of S, :W% =0,212%
Uj output of S, andinput of S; = W% =0,297%
Uj output of S;andinputof S, = w% =0,396%
Uj output of S, andinputof S = w% =0,566%
Uj output of S;andload1 = W% =2,35%

_ 0,20%0,06x0,794% x100

Uj generator andinput of S, = A % =0,535%

_ 0,05x0,07 x 0,891° x100
Uj output of S, andinputof S; = 2

% =0157 %

_ 0,06%x0,08x 0,708% x100

Uj output of S, andinput of S, = \/E % =0,170 %

_ 0,07x0,10x%1,0% x100
Uj output of S;andinputof S; = 2

% =0,495 %

_ 0,08x0,333x0,9442 x100

Uj output of S, and load1 = % =1,68 %
joutp! % \/E

_ 0,20x 0,07 x0,7942 x0,891° x100
Uj generator andinput of S; = N

_ 0,05%0,08x0,8912 x0,708% x100
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A2=02

% =0,495 %

Uj output of S, andinput of S, = 72 % =0,113%
0,08x 0,10 x0,7082 x1,0% x100
Uj output of S, andinput of S = NG % =0,284 %
2 2
_ 0,07 x0,333x1,0° x0,944“ x100 % =147 %

Uj output of S;andload1 = 2

_ 0,20x0,08x0,7942 x0,891% x0,708% x100

Ui i =
j generator and input of S, J—
2
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_ 0,05%0,10x0,891% x0,708% x1,0° x100

Uj output of S, andinput of S = 7 % =0,141%

0,06 % 0,333 % 0,7082 x1,0° x0,9442 x100
Uj output of S, and load1 = 72 % =0,631%

0,20x 0,10 x0,7942 x0,8912 x0,708% x1,0% x100
Uj generator and input of S5 = 2 % =0,355 %

0,05% 0,333 x0,891% x 0,708 x1,0° x0,944° x100
Uj output of S, and load1 = 2 % =0,418 %

0,20x 0,333x0,7942 x0,891° x0,708° x1,0° x0,944° x100
Uj generator and load 1 = A % =1,053 %

Contributions from the network connected to the 3 port of S3:

Contributions:

0,06x 0,10 x 0,708 x100
Uj output of S, andinput of S5 = NG % =0,212 %

0,10x 0,08 0,708 x100
Ujinput of Sgandinputof S, = NG % =0,284 %

0,05% 0,1x0,891% x 0,708 x100
Uj output of S, andinput of S5 = A % =0141%

0,06 % 0,20 x0,708% x0,50% x100
Uj output of S, andload 2 = NG % =0,106 %

0,10x 0,10 x0,708% x1,0° x100
Ujinput of Sgandinputof S = 72 % =0,354 %

0,20 x 0,08 x 0,502 x0,7082 x100
Ujload2andinputof S, = 72 % =0,142 %

0,20x 0,10 x0,7942 x0,891% x0,708% x100
Uj generator and input of S5 = ﬁ % =0,354 %

0,05% 0,20 x0,8912 x0,708% x0,502 x100
Uj output of S, and load2 = A % =0,070 %

0,10 0,333x0,708% x1,0% x0,944% x100
Ujinput of Sgandload1 = N % =1,052 %

0,20x 0,10 0,502 x0,708% x1,0% x100
Ujload 2andinput S; = 7 % =0177 %

0,20 % 0,20 X 0,7942 x0,8912 x0,7082 x0,50° x100
Uj generator and load 2 = ﬁ % =0177 %

0,20x 0,333 x0,502 x0,7082 x1,0% x0,9442 x100
Ujload 2andload1 = A % =0,526 %
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Contributions from the 3 port:

_ 010%0,708% x100

Ui = % =5,01%
j contribution fromS; 0,708><\/§

0,20x 0,502 x0,7082 x100
0,708x /2

Uj contribution fromload 2 = % =2,50 %

Theroot sum of the squares of all these componentsis 6,90 %.

As can be seen from the cal cul ations the major contributionsto the mismatch uncertainty is from thereflection
coefficients connected to the 3 rd port of the network.

Thismeans that the matching of that port is of great importance to keep the uncertainty low.

Alternatively the total insertion loss and the reflection coefficients at the generator and at load 1 should be measured
with §; and load 2 connected. This would minimise the mismatch uncertainty.

These formulations can now be applied to the actual circuits encountered during testing.
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