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Foreword

This Technical Report (TR) has been produced by ETSI Technical Committee Access, Terminals, Transmission and
Multiplexing (ATTM).

Modal verbs terminology

In the present document "should", "should not", "may", "need not", "will", "will not", "can" and "cannot" areto be
interpreted as described in clause 3.2 of the ETSI Drafting Rules (Verbal forms for the expression of provisions).

"must” and "must not" are NOT alowed in ETSI deliverables except when used in direct citation.

Executive summary

The Radio Fixed Services community represented by the ETSI ATTM TM_mWT Working Group has recently defined
an innovative planning methodol ogy for wireless backhaul links with the key benefit of enabling a cost-effective
network design by reducing the required system marginsin most microwave and millimetre-wave transport scenarios,
compared to the current criteria, with negligible impact on the end-to-end Quality of Experience (QoE) of the Radio
Access Network (RAN) users.

The novel planning methodology (that will be also referred to as the "New KPIs methodology™ in the present document)
reformul ates the definition of two indicators already in use in current backhaul networks design - namely, the Peak
Information Rate (PIR) and the Committed Information Rate (CIR) - and introduces the Backhaul Traffic Availahility
(BTA) as an innovative metric to assess the link performance by accounting for traffic-related information.

While on the one hand the BTA provides an effective representation of the probability that any backhaul link does not
cause congestion in the aggregated RAN data flows, on the other hand it requires to operatively choose a specific traffic
demand distribution to compl ete the assessment, thus possibly limiting the immediacy and in some cases the practical
applicability of the New KPIs approach.
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The present document takes up the challenge to overcome this hindrance by proposing practical methods to make the
assessment of the BTA an immediate and straightforward process, once few baseline features of the target backhaul
scenario are known. Asafirst key contribution, an experimentally validated analytical procedure for deriving the lower
bound of the BTA of any given backhaul link with unknown traffic demand distribution - that can be readily employed
for a conservative (i.e. worst-case) network planning - is disclosed. This method has the strategic advantage of relying
on the only knowledge of the average and the peak values of the traffic demand envisioned for the link under
investigation, thus making the choice of the complete statistical throughput distribution needed for computing the BTA
metric a completely transparent process for the end user. Furthermore, the proposed procedure is conceived to be easily
integrated into the software framework of the currently available backhaul planning tools, with the ultimate goal of
further promoting and accelerating the adoption of the novel design paradigm in present and next generation transport
networks.

As asecond contribution, the present document describes a methodology for conducting measurement campaigns on
live backhaul links with the aim of deriving a dataset of traffic demand distributions to be possibly used as reference
statistics for the assessment of the BTA at least in agroup of significant transport scenarios. In this context, the results
of an experimental activity carried out during the preparation of the present document are a so disclosed, serving as an
example of how the proposed guidelines can be applied to build a proprietary database of backhaul traffic statisticsto be
employed in the network design process.

Finally, a comprehensive planning procedure for an illustrative point-to-point E-band link developed in accordance with
the whole New KPIs paradigm is presented in order to provide a practical guide that can be adapted and scaled to more
complex network scenarios and configurations.

Introduction

The projected traffic volumes driven by the proliferation of 5G and Beyond Radio Access Technologies (RATS) have
raised serious concerns regarding the economic sustainability of transport infrastructures, particularly with respect to the
Total Cost of Ownership (TCO). In this context, enhancing the cost efficiency of wireless networks by reducing the
system margins often introduced by potentially over-engineered design methods has become imperative for telecom
operators.

The Radio Fixed Services community represented by the ETSI ATTM TM_mWT Working Group has recently devoted
significant effortsin this direction by finally defining an innovative planning methodology for wireless backhaul links
in ETSI GR mWT 028 [i.1]. This new approach has been shown to lead to the key benefit of enabling a cost-effective
network design by limiting the required system marginsin most microwave and millimetre-wave transport scenarios,
compared to the current criteria, with negligible impact on the end-to-end Quality of Experience (QoE) of the Radio
Access Network (RAN) users.

The novel planning methodology (that will be also referred to in the following of the present document as the "New
KPIs methodology") reformulates the definition of two indicators already in use in current backhaul networks design -
namely, the Peak Information Rate (PIR) and the Committed Information Rate (CIR) - and introduces the Backhaul
Traffic Availability (BTA) as an innovative metric to assess the link performance by accounting for traffic-related
information. More specifically:

e ThePIRisdtill defined as the maximum theoretical traffic that can be generated by the ensemble of the RAT
layers transported over a given backhaul link, and it can be readily computed according to the well-established
guidelinesin, e.g., NGMN 0.4.2 [i.2] (figure 1 provides an overview of possible methods for the case of a
single RAN site with three sectors). Unlike the current planning approach for backhaul networks, the New
KPls methodology does not associate the PIR with any availability requirement. Instead, it is dimensioned
using a practical system-level criterion by adopting afade margin of 5 dB to 10 dB to ensure stable link
operation.

ETSI
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Figure 1. Overview of current methods for estimating the PIR for the case of
a single RAN site with three sectors

e  TheCIRisrecommended to be tailored to the minimum amount of capacity exclusively targeted to guarantee
the survivability of the RAN and the essential and operator-specific top-priority services for the maximum
timein ayear (i.e. with an availability higher than 99,99 %).

While the amount of traffic required to meet the first objective can be easily calculated for the different
RATSs- since it corresponds to the necessary information flows to transfer the control, management and
synchronization planes to the base stations - top-priority services are more difficult to quantify as they mostly
depend on the specific propositions of Mobile Network Operators (MNOs) for their own customers and

could comprise voice traffic (including emergency calls), Guaranteed Bit Rate (GBR) applications

(e.g. mission-critical voice/video, real-time streams and 5G new use cases), as well as Service Level
Agreement (SLA) data sessions. In any case, it isimportant to emphasize that the target CIR valuesto be
employed in the novel wireless backhaul planning approach are highly dependent on the specific RAT
scenarios, and they cannot be blindly estimated as a fixed percentage of the PIR across all cases. For example,
in standalone 5G or mixed 4G and 5G sites baseline CIRs should be configured to fall between 1 % and 2 % of
the PIR - significantly lower than the 10 % to 20 % range usually considered in current design methodol ogies
(see ETSI GR mWT 028 [i.1] for amore detailed analysis on this matter).

e TheBTA isdefined as the probability that a given backhaul link is capable to deliver the entire aggregated
traffic demand with no impacts on the RAN end-users QoE and, under a mathematical standpoint, it is
expressed by the following weighted sum:

M
BTA = Z PV <T < iy xo%, @

i=1

where M isthe total number of backhaul capacitiesthat can be delivered, a,gg represents the availability of the

ith backhaul capacity C{y (with €S < €52 <...< ¢Sy, and P(C{y P < T < ¢{9)) denotes the probability
that the aggregated traffic demand T liesin the range between CgH_l) and Clgg being Cg,),) = 0 bit/sthelink
failure state. Terms 19,?,3, can be derived by applying the well-established guidelines and methods described in
Recommendation I TU-R P.530-19 [i.4] and references therein, while probabilities P(C; " < T < ¢S)) can
be easily computed from the cumulative distribution function F(t) of the link aggregated traffic demand as
(withi =1,2,...,M):

P(Co” < T < Cyy) = Fr(Cy) = Fr(Cor ™ (19

ETSI
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A massive number of system-level simulations accounting for different network conditions and aggregated
RAN traffic demand profiles carried out in ETSI GR mWT 028 [i.1] have demonstrated that wireless backhaul
links with BTA values above the 99,7 % to 99,9 % range do not introduce any perceivable degradation in the
average end-to-end QoE performance of the RAN users even under highly demanding application scenarios.

Current Backhaul Planning Novel Backhaul Planning
(2 Check Points) (3 Check Points)

PIR with fade margin 25 dB for ensuring stable

Capaci
pactty PR@ > 999 % working conditions and with no availability requirements
PIR S PIRY —
0—,
80% PIR 80% PIR
60% PIR 60% PIR
BTA > 997 % —-999 %
40% PIR 40% PIR => BH links do not
introduce perceivable
20% PIR CIR>10% PIR @ > 9999 % B8 CIRyigh priorty @ > 99.99 % degradation in end-to-
1 end RAN Qo
%RIR-+-
" T
100% 99.995% 99.99% 9995% 999% 99.5% 100% 99.995% 99.99% 99.95% (99.9% 99.5%

Availability Availability

(a) (b)

Figure 2: A comparison between current and novel planning methodologies
for wireless backhaul links

The three check points characterizing the novel backhaul planning methodology described above are summarized in
figure 2, that also presents a comparison with the current design approach.

On the one hand, the BTA offers an effective means of representing the probability that agiven backhaul link does not
cause congestion in the aggregated RAN data flows. On the other hand, though, it requiresto operatively choose a

specific traffic demand distribution to complete the assessment (i.e. for computing probabiliti%P(CgH'l) <T< Cé?,)
in equation (1)), thus possibly limiting the immediacy and in some cases the practical applicability of this approach,
ultimately leading to a potential reluctance among MNOs to adopt the New KPIs methodology.

The present document takes up the challenge to overcome this hindrance by proposing practical methods for enabling a
fast and straightforward assessment of the BTA, based solely on few baseline features of the target backhaul scenario.
Asafirst key contribution, clause 4 discloses an experimentally validated analytical procedure for deriving the lower
bound of the BTA of any given backhaul link on the basis of the sole knowledge of its average and peak expected
aggregated traffic demands. The proposed approach offers the key benefit of leading to the derivation of a worst-case
(i.e. minimum achievable) BTA value that does not depend on any specific assumption on the actual and complete
traffic statistical distribution characterizing the link under inspection, and that can be readily employed for a
conservative and effective network planning.

NOTE: Itisremarked that, both in the last sentence and in similar contexts throughout the entire present
document, the term "conservative" refers exclusively to the BTA eva uation. It does not extend to the
overal New KPIs methodology, which is instead specifically designed to avoid introducing unnecessary
system margins compared to current backhaul planning approaches.

As asecond contribution, clause 5 describes a methodology for conducting measurement campaigns on live transport
networks with the aim of generating a dataset of traffic demand distributions that can serve as reference statistics for the
assessment of the BTA at least in a group of representative backhaul scenarios. In this context, the results of an
experimental activity carried out during the preparation of the present document are also disclosed as a practical
example of how to apply the proposed guidelines.
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The use of the above-mentioned strategies for assessing the BTA is then exemplified in clause 6, that is entirely devoted
to the description of a comprehensive planning procedure of a point-to-point link operating in E-band according to the
whole New KPIs approach.

Finally, annex B presents a methodology targeted at a general assessment of the benefits, in terms of cost of ownership,
of the New KPIs paradigm, with the ultimate goal of encouraging and accelerating its adoption in current and
next-generation wireless backhaul networks.

ETSI
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1 Scope

The present document has the goal of defining practical and effective methods for planning wireless backhaul links
according to the novel approach detailed in ETSI GR mWT 028 [i.1]. One key area of investigation and contribution is
the design of appropriate prediction models of the aggregated traffic demand statistics of any backhaul link asa
function of few high-level and easy-to-know RAN-related behavioural features, such as the average and the peak values
of the transported throughput, or the configuration of the various radio access technologies implemented in the
connected sites. The derived prediction models are conceived with the goal of being easily embedded within the
software framework of the currently available backhaul planning tools, thus pursuing the strategic benefit of making the
choice of the link traffic demand distribution required for enabling the New KPIs methodology (namely, for computing
the BTA metric) a completely transparent process for the end user.

In this context, the present document discloses an analytical procedure targeted at deriving a pessimistic estimation of
the BTA of any backhaul link on the basis of the sole knowledge of the average and the peak values of itstraffic
demand, that could be used for a conservative and practical network planning. Secondly, the present document
describes a methodol ogy for conducting measurement campaigns on live transport networks and for processing the
collected datain order to create a discrete set of reference throughput demand distributions to be used in the assessment
of the BTA of any backhaul link, after a proper identification and classification of its main deployment features

(e.g. number and type of transported radio access layers) and statistical properties.

2 References

2.1 Normative references

Normative references are not applicable in the present document.

2.2 Informative references

References are either specific (identified by date of publication and/or edition number or version number) or
non-specific. For specific references, only the cited version applies. For non-specific references, the latest version of the
referenced document (including any amendments) applies.

NOTE: While any hyperlinksincluded in this clause were valid at the time of publication ETSI cannot guarantee
their long-term validity.

The following referenced documents may be useful in implementing an ETSI deliverable or add to the reader's
understanding, but are not required for conformance to the present document.

[i.1] ETSI GR mWT 028 (V1.1.1): "New KPI'sfor planning microwave and millimetre wave backhaul
network™.

[1.2] NGMN 0.4.2 FINAL (July 2011): "Guidelines for LTE Backhaul Traffic Estimation".

[i.3] A. K. Guptaand S. Nadarajah: "Handbook of Beta Distribution and Its Applications', Boca Raton,
FL, USA: CRC Press, 2004.

[i.4] Recommendation ITU-R P.530-19 (09/2025): "Propagation data and prediction methods required
for the design of terrestrial line-of-sight systems”.

[i.5] Recommendation ITU-R P.676-13 (08/2022): " Attenuation by atmospheric gases and related
effects’.
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3

Definition of terms, symbols and abbreviations

3.1 Terms

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

peak (aggregated) traffic demand: maximum value of the aggregated traffic demand process experienced by agiven

backhaul link

3.2 Symbols

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

i,j, k¢
zZE€EZ

BTA

Fx(x)

fX(xJ a,ﬁ)

a

B
I'(p)
FX(x' a, B)

I1(x,a,B)
E[X]

ex

[7 g(x)dx

tm ax

generic indices
z isan element of set Z
Backhaul Traffic Availability

total number of capacities that can be delivered by a given backhaul link

ith capacity that can be delivered by agiven backhaul link (with ¢{}) < €2 <...< c{iP)
link failure state

availability of the ith backhaul capacity C%)

probability that event O occurs

random variable representing the aggregated traffic demand of a given backhaul link
cumulative distribution function of a generic random variable X, evaluated at the argument x

probability density function of a generic Beta-distributed random variable X with parameters a
and 3, evaluated at the argument x

first shape parameter of the Beta distribution
second shape parameter of the Beta distribution
gamma function evaluated at the argument p

cumulative distribution function of a generic Beta-distributed random variable X with parameters
a and B, evaluated at the argument x

regularized incompl ete Beta function with parameters ¢ and 8, evaluated at the argument x
expected value of a generic random variable X

exponential function evaluated at the argument x

integral of ageneric real-valued function g(x) with respect to the real variable x on an interval
[a, b]

maximum (or peak) value of the generic aggregated traffic demand T

continuous subspace of the re-scaled Beta distributions family where parametersa and g are
related according to equation (10)

normalized average traffic demand value
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total number of possible values for the shape parameter « in the analytical procedure for deriving
BTA lower bounds
nth possible value for the shape parameter a
discrete set of N possible values for the shape parameter
nth possible value for the shape parameter 8

discrete set that contains all the pairs (a,, B,) satisfying constraint (13) on the derivative of the
corresponding cumulative distribution functions

first parameter used in the analytical procedure for deriving BTA lower bounds

second parameter used in the analytical procedure for deriving BTA lower bounds
derivative of ageneric function g(x) with respect to variable x

value of ageneric function g(x) evaluated at x = x

nth BTA value

minimum among all the real values contained in ageneric discrete set 2
discrete set with values a4, a,, a;

discrete set with all values a,, for indicesn from1 to N

random variable representing the maximum values of the link input traffic observed with agiven
time granularity

random variable representing the minimum values of the link input traffic observed with agiven
time granularity

random variable representing the average values of the link input traffic observed with a given
time granularity

cumulative distribution function of the average link input traffic observed with atime granularity
on the order of 1 second

total number of bits transmitted over a backhaul link in agiven timeinterval
number of secondsin a generic time interval

average throughput exchange (in bit/s) that is expected during busy hours over a given backhaul
link

coefficient representing the portion of the day classified as "busy hours®

coefficient representing the anticipated traffic reduction during off-peak periods with respect to
busy hours

coefficient expressing the ratio between the expected peak traffic ¢4, and the average traffic
demand E|[T] for agiven backhaul link

kth radio site of a generic backhaul network
total number of possible radio configurations utilized in alink planning example
metric value for the jth radio link configuration

maximum transmit power (in dBm) of the radio equipment available in the jth radio link
configuration

transmit antenna gain (in dB) of the radio equipment available in the jth radio link configuration
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receive antennagain (in dB) of the radio equipment available in the jth radio link configuration
PIR fade margin (in dB) guaranteed by the jth radio link configuration

transmit power relative to the PIR (in dBm) of the radio equipment available in the jth radio link
configuration

free-space path loss (in dB) experienced over a given backhaul link
attenuation due to atmospheric gases (in dB) experienced over a given backhaul link

receiver sensitivity threshold relative to the PIR (in dBm) of the radio equipment available in the
jthradio link configuration

maximum capacity delivered by a given backhaul link

coefficient expressing the ratio between the actual peak traffic value t,,,, and the maximum
capacity Cpy may delivered by agiven backhaul link

overall antennagain in dB (namely, including both the receive and the transmit side) of a given
backhaul link

distance covered by agiven backhaul link

actual link BTA obtained for the £th traffic time series and the link distance d, considering an
overall antennagain equal to G;,;

total number of time seriesincluded in the ith test dataset
cardinality of the set of pairs of parameters (p,n) used in the numerical analysis
kth choice of a pre-defined set of K pairs of parameters (p,7n)

BTA lower bound obtained for the ¢th traffic time series, the link distance d and the
kth pair (o, 11x) to be used in constraint (13), considering an overall antenna gain equal to G;,;

relative error between the BTA lower bound and the actual link BTA obtained for the £th time
series, the link distance d and the kth pair (py, ;) to be used in constraint (13)

excess gain in dB needed to achieve aBTA lower bound LB, 4, (G¢,¢) Nnumerically equal to the
actual link BTA BTA, 4(G¢,:), Obtained for the £th time series, the link distance d and the
kth pair (py, 1y ) to be used in constraint (13)

lower bound efficiency, defined as the percentage of cases in which the proposed analytical
procedure employing the kth pair (py, 1) in constraint (13) succeedsin generating actual BTA
lower bounds

step function evaluated at the argument x

total cost of ownership of atarget backhaul network when the traditional planning methodology is
applied

number of resolvable intervals of the link lengths distribution of atarget backhaul network

cost of the least expensive transport technology that can be employed to cover al the connection
distancesincluded in the ith interval while satisfying the target conditions of the traditional
planning methodol ogy

relative number of links in atarget backhaul network with distancesincluded in the ith interval

total cost of ownership of atarget backhaul network when the New KPIs planning methodology is
applied

cost of the least expensive transport technology that can be employed to cover all the connection
distances included in the ith interval while satisfying the target conditions of the New KPls
planning methodol ogy
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L, nth subset of links of a given backhaul network

C generic aggregation node in a given backhaul network

& target end-to-end BTA to be guaranteed for the traffic generated by ageneric radio site 4, of a
given backhaul network

BTA, target BTA to be guaranteed over the nth link of a given backhaul network

R number of radio sitesin a generic backhaul network

3.3 Abbreviations

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

2G 2" Generation
3G 34 Generation
4G 4™ Generation
5G 5t Generation
ACM Adaptive Coding and Modulation
ATTM Access, Terminals, Transmission and Multiplexing
BH Backhaul
BTA Backhaul Traffic Availability
CDF Cumulative Distribution Function
CIR Committed Information Rate
DL Downlink
ETS European Telecommunications Standards I nstitute
FDD Frequency Division Duplex
FWA Fixed Wireless Access
GBR Guaranteed Bit Rate
KPI Key Performance Indicator
LTE Long Term Evolution
MIMO Multiple-1nput-Multiple-Output
MNO Mobile Network Operator
mwWT millimetre Wave Transmission
PAR Peak-to-Average Ratio
PIR Peak Information Rate
QoE Quality of Experience
RAN Radio Access Network
RAT Radio Access Technology
RTPC Remote Transmit Power Control
SLA Service Level Agreement
TCO Total Cost of Ownership
TDD Time Division Duplex
UL Uplink

4 An analytical procedure for deriving BTA lower

bounds
4.1 Overview

The aim of this clause isto present a quick and straightforward analytical procedure for deriving the lower bound of the
BTA of any given backhaul link on the basis of the sole knowledge of its expected average and peak aggregated traffic
demands. The proposed approach offers thus the key benefit of leading to the derivation of aworst-case (i.e. minimum
achievable) BTA value that can be readily employed for a conservative and effective planning whenever an estimation
of the complete statistical distribution of the expected link traffic demand is not available.
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The disclosed analytical procedure builds upon the possibility to reliably capture the statistical model of the traffic
demand of any transport link through a conveniently selected Beta probability distribution, as debated in[i.1]. An
overview of the use of the Beta distributions family to model backhaul traffic demand dynamicsis given in clause 4.2,
while the method for deriving conservative BTA valuesis detailed in clause 4.3.

4.2 Modelling the aggregated traffic demand of backhaul links
through Beta distributions

The Beta distribution is afamily of parametric continuous probability distributions defined on the interval [0,1]. The
analytical expressions of the probability density function

x*1(1 = x)F1

x,a,p)= I'(a +B), (2
the cumulative distribution function
Fx(x,a, ) = I(x,a,pB), ©)
and the expected value
EXl=2737 ()
of ageneric Beta-distributed random variable X depend on the value of the two positive parameters ¢ and S, being
I'(p) = f zP~le~%dz (5)
0
the gamma function, and
['(a+B) x

I(x,a,B) = z 11 - 2)tdz (6)

— X
r@re) J
the regularized incomplete Beta function with parameters ¢ and g [i.3], with x € [0,1].

Previous studies conducted by the ETSI ATTM TM_mWT community [i.1] argue that the statistical behaviour of the
random variable representing the traffic demand of any backhaul link can be accurately modelled by a properly
re-scaled Beta distribution. Thisimpliesthat, based on relations (2), (3), and (4), the probability density function, the
cumulative distribution function and the expected value of any traffic demand variable T with maximum (peak) value
tmax CaN be approximated as:

1 ta_l(tmax - t)ﬁ_l

t
il =g i B) = e T (7)
FT(t'a'ﬁ) =I(tL'a'B)' (8)
and
a
E[T] = m bmaxs 9

respectively, for a convenient choice of the shape parameters a and 8, and with the independent variable t € [0, £,,,4x]-

NOTE 1. Throughout the present document, the traffic carried over any link at any given time instant is modelled
asarandom variable T characterized by a statistical distribution that is assumed to remain constant over
time.

NOTE 2: Terms maximum and peak are used interchangeably within the present document when referring to traffic
demand random variables.
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Probability Density Functions (B =2 Cumulative Distribution Functions (B=2)

1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

[Mbit/s] [Mbit/s]
(a) (b)

Figure 3: lllustrative probability density functions and cumulative distribution functions of
Beta-distributed traffic demand random variables with fixed g = 2

Probability Density Functions (a =2 ) Cumulative Distribution Functions (a = 2)

800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

0 200 400 600 800 1000 1200 1400 1600

[Mbit/s] [Mbit/s]
(a) (b)

Figure 4: lllustrative probability density functions and cumulative distribution functions of
Beta-distributed traffic demand random variables with fixed a = 2
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Probability Density Functions Cumulative Distribution Functions

a‘:B:‘d

— 0.2
a=B=05
[Mbit/s] [Mbit/s]
(a) (b)

Figure 5: lllustrative probability density functions and cumulative distribution functions of
Beta-distributed traffic demand random variables with a = 8

Figures 3, 4 and 5 show illustrative probability density functions and cumulative distribution functions of
Beta-distributed traffic demand random variables with maximum value t,,,,, = 2 Ghit/s, for different choices of the
parameters a and 3, according to equations (7) and (8). It is remarked that some combinations of ¢ and 8 can lead to
unrealigtic traffic demand distribution shapes where high capacities tend to become more probable than valuesin the
low-to-medium range (for example, for § = 0,5 infigure4-(a) and @ = § = 0,5 infigure 5-(a)). These preliminary
graphical considerations will be further expanded and elaborated in the following clause 4.3 and annex A devoted to the
disclosure of the analytical procedure for deriving BTA lower bounds.

4.3 The analytical procedure for deriving BTA lower bounds

The possibility of using the Beta distributions family to approximate the statistical behaviour of any backhaul traffic
demand allows to derive the analytical method disclosed in the present clause, targeted at associating any transport link
with aworst-case BTA value that can be readily used for a conservative but effective planning.

According to equation (9), the ensemble of traffic demand random variables characterized by a maximum value t,;,
and an average value E[T] can be statistically described by a continuous subspace M of the re-scaled Beta
distributions family where parameters a and 8 are related according to the following rule:

_1-7

ﬂ = Ta, (10)

being
f = E[T]/tmax (11)

the normalized average traffic demand value. By way of example, the coloured area in the chart of figure 6 illustrates
the ensemble of the re-scaled Beta cumulative distribution functions belonging to the continuous subspace M 3, that
can be used to represent the statistical behaviour of any traffic demand random variable with normalized average value
f =EI[T]/tmax = 0.3.
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Fr(t,a,p)

X tmax

Figure 6: Ensemble of the re-scaled Beta cumulative distribution functions F;(t, a, ) belonging to
the continuous subspace My_g3

Once fixed the backhaul technology, which determines the ordered set of transport capacities

{c,gg}f” (with €} < €Y <...< Cj37”) and the corresponding availabilities {a,gg}f" _ (the latter obtainable through
i= i=

the application of the well-established guidelines and methods in Recommendation I TU-R P.530-19 [i.4]), the ensemble

of BTA values associated with all the cumulative distribution functions belonging to the continuous subspace My lie

within aclosed interval for any value of the normalized average traffic demand f, as sketched in figure 7 for the

illustrative case of a 3,4 km E-band backhaul connection employing 500 MHz bandwidth (therein, a peak traffic

demand value t,,, 4, = 3 100 Mbit/sis assumed). This consideration is at the basis of the analytical procedure described

in table 1, that aims, for an input pair of average and peak expected traffic demand values, at finding the BTA lower

bound (i.e. the BTA worst-case) of any link under investigation by conducting a convenient search on the space of

(a, B) parameters satisfying equation (10).

99.99%

ensemble of BTA values

= = N\
= 54,
f"ﬁ;ﬂ)&
. bOU\
~ g

g 999% | : \
~

8,
A o l'V{:‘;' /
I')OU{I.\Or

0 01 02 03 04 05 06 07 08 09
Normalized average traffic demand f
- " ™ : oyl O)ie
NOTE: In this figure, the set of transport capacities {CBH} and the corresponding availabilities {19311}
i=1 i=1

characterizing a 3,4 km E-band connection operating with a 500 MHz bandwidth have been utilized for
deriving the ensemble of BTA values associated with all the traffic cumulative distribution functions
belonging to the continuous subspaces M, for different values of the normalized average demand f on
the abscissa (f = 0,1, 0,2, ..., 0,9), with t;;,4,, =3 100 Mbit/s.

Figure 7: Ensemble of BTA values associated with all the traffic cumulative distribution functions
belonging to the continuous subspaces My, for different values of f
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Table 1: Analytical procedure for deriving the BTA lower bound of any given backhaul link

Initialization

M ~\M
1) Determinethe set of transport capacities {Cé?,} and the corresponding availabilities {ﬁé’},} of the
i=1 i=1

backhaul link of interest (with C$}) < €2 <...< ¢y
2) defineadiscrete set A = {a,}N_, of N possible values for the shape parameter a, with a,, > 1073;
3) compute the normalized average traffic demand value f according to equation (11), where:

3a) E|[T] denotesthe average value of the expected traffic demand over an entire year, or, if
unavailable, over any time period not shorter than one full day (24 hours);

3b)  tnax denotesthe maximum value of the expected traffic demand that can be theoretically
generated by the ensemble of the RAT layers transported over the backhaul link under analysis,
and it can be readily computed according to the well-established guidelinesin, e.g., NGMN 0.4.2
[i.2];

4) for each value a,, € A, compute the corresponding shape parameter f,, according to relation (10) as:

1-f .
Bn = 7 (12)
5) create adiscrete set S that contains al the pairs (a,,, 8,) satisfying the following constraint on the
derivative of the corresponding cumulative distribution functions Fr(t, a,,, 8,) evauated at

t = p X tyax [DIVS):

0F;(t, ay,
M = fr(t, ay, Brn) |t=p><tmax =

at B
t=pXtmax (13)
1 p™ (1 —p)fn? Ui
X I'(a, + =< )
tmax F(an)r(ﬁn) ( " ﬁn) tmax
with p = 0,999 andn = 0,05 (see annex A for a detailed explanation), and being f;(t, a, B) the
re-scaled Beta probability density function defined in equation (7);
BTA lower bound computation
6) for each pair of (a,, B,,) parameters belonging to the set § derived in step 5:
6a) compute the probabilities that the link traffic demand T fallsin the adjacent intervals
[c&m,c0] (=12, .., M) as
P(ciP <T < c5) = Fr(CSh — Fr(cl™ (14)
( ey <T= BH) T( BH’ an'ﬁn) T( BH % 371)1
being C%) = 0 bit/s the link failure state, and
t
FT(t' Ay, ﬁn) =1 (t_' Ay, Bn) (15)

max

the re-scaled Beta cumulative distribution function with shape parameters («,,, 3,,), according to
equation (8);

6b) estimate the corresponding BTA value y,, according to equation (1);

7)  return min({y,}Y.,) asthe worst-case BTA value (i.e. the BTA lower bound) for the link under
consideration.
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Itisremarked that, while steps 1 through 4 |ead to the creation of a discretized version of the continuous subspace M,
(for the selected value of f), the additional constraint (13) has the role of further limiting the search space over the two
parameters (a, 8) in order to improve the tightness of the lower bound with respect to the distribution of al the possible
BTAsthat can redlisticaly occur in practical scenarios. More specifically, inequality (13), imposing that the derivative
of the cumulative distribution functions F (t, a,,, B,,) evaluated at p X t,;4, iSlower than 0,05/t,,4, (With p = 0,999),
sets arestriction on the maximum slope of the admissible CDFsin the high-traffic region (see figure 8 for a graphical
explanation). Thisleads to the final effect of including in the search process of the BTA lower bounds only the shape
parameters (a,,, ,,) associated with distributions where high traffic demands occur with progressively smaller
probabilities with respect to lower capacities, thus excluding, by way of example, the unrealistic behaviours previously
outlined in figures4 and 5 (i.e. for § = 0,5 infigure 4-(a) and @ = 8 = 0,5 in figure 5-(a)). For illustration, the
ensemble of the re-scaled Beta cumulative distribution functions Fr (¢, a, 8) corresponding to traffic demand random
variables with normalized average value f = E[T]/t,qax = 0,3 that satisfy inequality (13) is plotted in figure 9.

100% Constraint (13) requires that:
X 0y /’— dF t o,
bt =@ | m, = ¥t 0 b1) atl 2 -4 T?
e - b pX i max
3 Vg i
7 )
d“\.q” ‘&‘ \‘5‘6 _ OFz(t oz, By) <1
& ¢A Mz = at =
¢ -~ f t=pXtmax e
N ;
QY ' _ 0Fp(t ag,B3) n
A Ms ="%¢c =1
\: 2 . t=PX5nmx max
5 <
f\@,f’ A4
bit/s
P X Uinax tmax v [l

NOTE: This figure shows that, according to constraint (13), the local slopes m,, m, and m; of the cumulative
distribution functions F;(t, ay, B1), Fr(t, a, Bz) and Fr(t, as, B5) of illustrative traffic demand random
variables, respectively, evaluated at t = p X t,,,, Should be < n/t,,4x-

Figure 8: A graphical representation of constraint (13)
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FT(tl'aJﬁ)

X tmax

t

Figure 9: Ensemble of the re-scaled Beta cumulative distribution functions Fr(t, a, B)
corresponding to traffic demand random variables with normalized average value f = E[T]/tpex = 0,3
that satisfy inequality (13)

The analytical expression of constraint (13), along with the choice for parameters p and 5, has been defined on the basis
of the results of an extensive simulation campaign conducted on a database of realitic traffic time series collected from
live backhaul networks (see annex A for a detailed description of the employed methodology).

The computational complexity of the whole analytical procedure illustrated in table 1 scales linearly with the cardinality
N of theinitial set A of parameters a. Thetotality of the numerical results and eval uations based on the dataset of
traffic time series described in annex A suggests that values of N on the order of afew hundred are sufficient to
optimize the intrinsic trade-off between lower bound accuracy and computational complexity of the proposed method.
Conseguently, the disclosed procedure is expected to be easily integrable into currently commercialized software
planning tools with minimal resource demands.

5 Traffic demand distribution models through
measurement campaigns on live networks

51 Overview

The definition of appropriate prediction models of the backhaul traffic demand statistics can lead to the strategic benefit
of making the choice of the throughput distributions required for computing the BTA metric a process completely
transparent to the end user, and can thus greatly contribute to the successful adoption of the New KPIs methodology. In
this context, the availability of realistic measurements collected from operative networks is recognized as crucial to
enable the definition first and the validation then of effective traffic distribution forecast strategies.

The present clause 5 is devoted to the presentation of a methodology for conducting measurement campaigns on live
transport networks with the ultimate goals of .

1) obtaining aproprietary database of cumulative distribution functions of the traffic demand experienced by a
statistically relevant set of backhaul links deployed in different environmenta (e.g. in terms of topology and
subscribers density) and technological (e.g. in terms of transported RAN configurations) conditions;

2)  grouping the obtained traffic demand distributions into homogeneous clusters of links with similar features;
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3) describing each cluster of links through a compact set of representative CDFs of the traffic demand (e.g. in
terms of the 5" percentile lower-bound, the 95" percentile upper-bound and the median cumulative
distribution functions as better explained in the following) to be subsequently used as referencesin the
planning phase of any network according to the New KPIs methodology.

General guidelines for the collection, classification and clustering of traffic datawill be provided in clauses 5.2, 5.3, and
5.4, respectively, while a discussion on the experimental results obtained during the preparation of the present document
will be matter of clause 5.5.

5.2 Data collection

To assess the novel BTA metric (defined in equation (1)), ETSI GR mWT 028 [i.1] recommends to employ the
cumulative distribution function of the average input traffic demand of the link observed with atime granularity on the
order of 1 second. The present clause is devoted to discuss practical guidelines to achieve an estimate of thislatter link
feature by solely relying on the performance monitoring systems aready available in the currently deployed wireless
transport networks.

Asafirst observation, it isremarked that the input traffic demand of a given backhaul link - theoretically definable as
the amount of pure end-to-end throughput unaffected by any bottleneck possibly introduced by the link itself -
represents a quantity that isinherently difficult - if not impossible - to measure directly. Asapractical and reasonable
approximation, the input traffic demand can be assumed to correspond to the input traffic of the backhaul link under
consideration measured at the ingress port (see figure 10 for a schematic representation), provided that the link operates
under (virtually) ideal propagation and deployment conditions to avoid any possible capacity reductions or congestion
effects (such as those caused by fading-related outages).

Uplink direction

Downlink direction
Measurement point for
Measurement point for /9\

downlink direction bl
. ﬁ uplink direction
’ «— >
AN g | T
Core Network £ | <

Aggregation site Leaf (RAN site)

Figure 10: Recommended measurement points for the input traffic flowing over
the backhaul link under consideration in both the downlink and the uplink directions

Secondly, performance monitoring systems implemented in currently deployed backhaul networks typically provide
aggregated measurements of the input traffic of each link (such as the maximum, the minimum and the average values)
with atime granularity on the order of minutes (e.g. 15 minutes), which makes the collection of raw throughput data
with higher sampling rates (e.g. with atemporal resolution on the order of 1 second as specified in ETSI

GR mWT 028 [i.1]) not achievable. It is further observed that, although monitoring systems are continuously evolving
and will soon enable the measurement of per-link input traffic dynamics at time granularities as fine as one second,
opting for coarser resolutions will always remain aviable choice - particularly in contexts where minimizing the
signalling overhead constitutes a priority.

Based on these practical considerations, effective measurement campaigns should be aimed at inspecting a statistically
relevant number of wireless transport links and at obtaining, for each of them:

. acumulative distribution function Fr,  (t) of the random variable T,,,, representing the maximum values of
the input traffic observed with the lowest possible time granularity (usually on the order of minutesin current
networks), being t the independent variable expressed in hit/s;

. acumulative distribution function Fr. . (¢) of the random variable T, representing the minimum val ues of
the input traffic observed with the lowest possible time granularity;

ETSI



22 ETSI TR 104 141 V1.1.1 (2026-03)

e acumulative distribution function Fr_(t) of the random variable T, representing the average values of the
input traffic observed with the lowest possible time granularity.

Since, though, input traffic values are typically sampled at the transmit devices with intrinsic integration times (and,
therefore, granularities) of few seconds - before being aggregated into wider time periods for the use of current
performance monitoring systems -, it is here emphasized that, for any backhaul link, the cumulative distribution
function F15(t) of the average input traffic observed with atime granularity on the order of 1 second as specified in
ETSI GR mWT 028[i.1]:

i)  isupper-bounded and lower-bounded by Fr. . (t) and Fr,, (t), respectively; and
i) isquite accurately represented by Fr, (t) inthe median region, as sketched in figure 11.

Therefore, computing the BTA of any link through equation (1) by employing cumulative distribution function
Fr,..(©) will dways produce a more pessimistic value compared to the one based on F15(b).
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Figure 11: Schematic representation of the cumulative distribution functions F,__ (t), Fr,, (%),
Fr, (t) and F35(t)

Tighter approximations to the actual cumulative distribution function F°(t) of the average input traffic observed with a
time granularity on the order of 1 second could be achieved by linearly combining the aggregated throughput
measurements Trqx, Trnin @Nd Ty With coarser resolutions, or the corresponding functions Fr, (t), Fr,,., (¢) and
Fr,,.(t) defined before. Activities aimed at defining the preferred methodology for this purpose should rely on
validations using traffic data sampled at intervals on the order of afew seconds as ground truth.

A step in this direction has been made during the preparation of the present document by recording for 1 week the
traffic dynamics - with atime granularity of 1 second - of two tail links (namely, providing backhaul connectivity to
single multi-band LTE RAN sites) and two feeder links (aggregating three and four LTE RAN sites respectively)
deployed in both urban and rural areas of an EU Country. Afterwards, the derived datasets have been processed in order
to derive, for each link:

e thecumulative distribution function F1°(t) of the originally measured traffic time series with 1 second time
granularity;

e thecumulativedistribution functions Fr,, . (¢), Fr,, (t) and Fr,, () of the random variables Trqx, Tinin @nd
T,ve representing the maximum, minimum and average traffic values over adjacent 15-minute time windows,
respectively;

. the cumulative distribution function obtained by averaging Fr, . (t) and Fr_ . (©);

e the cumulative distribution function of the random variable (T,qx + Tnin)/2-
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The test outcomes are summarized in figure 12, illustrating that, in al cases, the CDF of the random variable
(Trnax + Timin)/2 provides the closest approximation to the target function F*(t). Consequently, this CDF should also

be considered as arelevant output of the data collection phase for each link. Specifically, the results of the experimental
activity described in clause 5.5 will be entirely based on this latter statistical distribution.

Traffic CDF

Traffic CDF

(a) Urban feeder

(b) Urban tail
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Figure 12: Cumulative distribution functions F15(t) of the average input traffic measured with

a time granularity on the order of 1 second compared with the cumulative distribution functions

5.3

obtained on the basis of throughput data aggregated over adjacent 15-minute time windows

Data classification

Each traffic cumulative distribution function obtained by applying the guidelines described in clause 5.2 should be aso
associated with alist of significant attributes (also referred to as labels in the following) characterizing the link under
analysis, e.g. including the deployment conditions and the involved RAN technologies and configurations.

The factors with the highest impact on the traffic statistical behaviour and that should be primarily considered in the
link classification process are expected to belong to the following macro-categories:

1)
2)
3
4)

Location of the transported RAN sites.
Type of the transported RATS.

Number of radio layers for each transported RAT.

Number of cells per site, utilized bandwidth, duplex mode and MIMO configuration for each transported radio
layer.
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Further details and insights about these attributes are discussed in the following.
1) Location of thetransported RAN sites

RAN sites with the same technological configurations can generate different amounts of traffic, depending on the
deployment area and the users' distribution. Moreover, a precise classification of the site location can provide important
indications about the future RAN traffic growth, that in turn can be used in the elaboration of accurate throughput
demand prediction models.

Sites deployed in urban or dense-urban areas are characterized by higher loads than rural locations and could be of
stronger interest for mobile operators as they can generate more revenues.

2) Typeof thetransported RATs

The data streams flowing over the currently deployed backhaul links typically originate from amix of 2G, 3G, 4G, and
5G RATSs. However, since 4G and 5G layers are generally the primary contributors to the overall exchanged
throughput, focusing exclusively on these latter technologies can greatly streamline the classification process without,
on the other hand, compromising the validity of the analysis. Accordingly, the focus should be restricted to identify only
the following possible categories:

e 4G-only sites, with or without Fixed Wireless Access (FWA) users
. 5G-only (stand-alone) sites, with or without FWA users
. Dual 4G/5G sites, with or without FWA users

The FWA attribute is currently seen by the industry as a crucial traffic booster in 5G deployments, and it is therefore
expected to play akey role in the determination of the traffic patterns.

3) Number of radio layersfor each transported RAT

Even within the same geographical region, different RAN sites can vary significantly in the number and configuration
of 4G and 5G technologies. LTE sites deployed in urban or dense-urban areas are typically equipped with:

. an underlying layer ensuring coverage, usually operating in the lowest available frequency bands (700 MHz,
800 MHz, or 900 MHz), with a bandwidth of 10 MHz or 15 MHz (most commonly 10 MHZz) and utilizing
2x2 MIMO base stations;

. one or two additional layersin higher frequency bands (1 800 MHz, 2 100 MHz, 2 300 MHz, or 2 600 MHz),
designed to boost capacity in densely populated areas. These layers usually operate with a bandwidth of
20 MHz or multiples thereof and rely on 4x4 MIMO base stations.

The same pattern of coverage and additional high-capacity layersis also expected for mature 5G installations. Table 2
complements this description by providing an example of different RAN site configurations (from column six to eight)
deployed in the same urban area of an existing 4G and 5G mobile network.

Table 2: Example of different RAN site configurations (from column six to eight) deployed in
the same urban area of an existing 4G and 5G mobile network

RAN Bandwidth Duplex MIMO | Number [Configuration | Configuration | Configuration

technology [MHZ] Technology of cells 1 2 3

4G 800 MHz 10 FDD 2x2 3 X X X
4G 1 800 MHz 20 FDD 2x2 3 X
4G 2 100 MHz 15 FDD 2x2 3 X
4G 1 800 MHz 20 FDD 4x4 3 X
4G 2 100 MHz 15 FDD 4x4 3 X
5G 2 600 MHz 90 TDD 4x4 3 X
5G 3 500 MHz 100 TDD 4x4 3 X X
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4) Number of cells per site, utilized bandwidth, duplex mode and MIM O configuration for each transported
radio layer

Each radio access technology layer can provide connectivity to various cells per site (typically three or four in urban or
dense-urban scenarios, but even up to six in specific cases), with different duplex modes (e.g. TDD or FDD) and MIMO

configurations (2x2 or 4x4 MIMO for 4G, and massive MIMO for 5G), leading to an enormous number of possible

combinations. To simplify the overall data collection and classification process, measurement campaigns should focus
on the most probable configurations, and proper scaling laws could be defined in order to predict the relevant statistical
properties of traffic in less frequent scenarios.

Based on the most relevant macro-categories described above, areference list of labels that could be used for
classifying the measured backhaul links is provided in table 3, that also includes implementation-oriented indications
that can foster future software integration. Additionally, the illustrative values reported in the last column have been
derived by considering an exemplary backhaul link aggregating traffic from two radio sites deployed in a densely
populated and non-touristic urban area:

e thefirst siteis configured with two 4G layers (with 10 MHz and 15 MHz bandwidth, respectively), both
carrying mobile-only traffic via2x2 MIMO FDD base stations, and one 5G layer (100 MHz bandwidth), also
carrying mobile-only traffic via 64x64 massive MIMO TDD base stations with aDL:UL ratio of 80:20;

. the second site hosts three 4G layers with 20 MHz, 15 MHz and 20 MHz bandwidth, respectively, all carrying
both mobile and FWA traffic through 4x4 MIMO FDD base stations.

In the considered example, all RATs have been assumed to operate with three sectors.

Table 3: Reference list of labels for traffic data classification

Type |No. Label Values Unit Example
1 N Aggregated Sites |Integer (1 in case of Tail link, >1 in case of Feeder link) 2
. 5 Coverage Tvoe list of letters e [ D (Dense-Urban), U (Urban), S D
Site ge Typ (Sub-Urban), R (Rural) ] with length "N Aggregated Sites" D
list of letters e [ T (Touristic), N (Non Touristic) ] with N
E Area Type length "N Aggregated Sites" N
4 4G RAT Layers list of integers with length "N Aggregated Sites" g
; : : . T 7 10, 15
5 4G Bandwidth list of integers with length "sum(4G RAT Layers) [MHZ] 0. 15. 20
6 4G MIMO Layers Tx |list of integers with length "sum(4G RAT Layers)" i i 4
G 7 4G MIMO Layers Rx |list of integers with length "sum(4G RAT Layers)" i i 4
4 4,
list of strings e [ FDD (for FDD), TDD_90, TDD_80, FDD. EDD
TDD_70, ..., TDD_10 (for TDD with DL:UL ratio equal to ’
8  |4G DuplexMode 1g5.15756.:50, 70:30, .., 10:90, respectively) ] with length FoD. FOD,
"sum(4G RAT Layers)"
9 4G Sectors list of integers with length "sum(4G RAT Layers)" g g 3
. list of strings e [ NN, NY, YN, YY ] with length "sum(4G NN, NN
e RAT Layers)" (see note below) YN, YN, YN
11 [5G RAT Layers list of integers with length "N Aggregated Sites" (1)
12 [5G Bandwidth list of integers with length "sum(5G RAT Layers)" [MHZz] 100
13 [5G MIMO Layers Tx |list of integers with length "sum(5G RAT Layers)" 64
14 |5G MIMO Layers Rx |list of integers with length "sum(5G RAT Layers)" 64
5G list of strings e [ FDD (for FDD), TDD_90, TDD_80,
TDD_70, ..., TDD_10 (for TDD with DL:UL ratio equal to
15 |5G DuplexMode 14,16 80:20, 70:30, ..., 10:90, respectively) ] with length ez
"sum(5G RAT Layers)"
16 |5G Sectors list of integers with length "sum(5G RAT Layers)" 3
. list of strings € [ NN, NY, YN, YY ] with length "sum(5G
L7 | S S MEe RAT Layers)" (see note below) NN
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Type |No.| Label | Values | Unit | Example

NOTE: First letter in each string of labels 10 and 17 in table 3 is Y (=Yes) if site carries FWA traffic, while it is N (=No)
otherwise; second letter is Y (=Yes) if site carries Enterprise traffic, while it is N (=No) otherwise. Mobile traffic
is assumed present by default.

54 Clustering of traffic demand distributions

The ensemble of measured and properly classified traffic CDFs should be then assigned to a reduced set of
homogeneous clusters on the basis of their respective link attributes. Afterwards, a group of representative cumulative
distribution functions should be identified for each cluster, such as (see figure 13 for reference):

e the median CDF, the 95" percentile upper-bound CDF (excluding 5 % of CDFs with higher values), and the
5™ percentile lower-bound CDF (excluding 5 % of CDFs with lower values) of the cluster of cumulative
distribution functions ', (t) of the random variables T,,,,, representing the maximum values of the link
input traffic observed with the lowest possible time granularity (e.g. 15 minutes);

. the median CDF, the 95" percentile upper-bound CDF, and the 5" percentile lower-bound CDF of the cluster
of cumulative distribution functions of the random variables (T, + Trmin) /2, Where Ty, ., @nd Ty, represent
the maximum and minimum traffic values, respectively, of the link input traffic observed with the lowest
possible time granularity (e.g. 15 minutes).
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Figure 13: Schematic representation of the median CDF, the 95" percentile upper-bound CDF and the
5th percentile lower-bound CDF of a given cluster of cumulative distribution functions

Any subseguent planning process according to the New KPIs methodology should be then built upon:
i)  theassociation of the link under analysis with one of the derived clusters (on the basis of its attributes); and
i)  theassessment of the BTA through equation (1) by using one of the six representative CDFs mentioned above.

A recommended strategy isto base the link design on the choice of the 5" percentile lower-bound CDF of the random
variables (Tryax + Trmin)/2 asamildly conservative scenario. Alternatively, the 5" percentile lower-bound CDF of the
random variables T,,,,,, can be adopted in case a more precautionary approach is preferred.

In addition, each cluster of CDFs may be further processed to derive reference average and maximum traffic valuesto
be used as inputs for the application of the analytical procedure for deriving BTA lower bounds as described in
clause 4.3.
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The present clause 5.5 illustrates the results of a measurement campaign conducted with the primary goal of providing a
guideline on how to apply the methodologies described in clauses 5.2 through 5.4, which are targeted to identify the
representative traffic statistical distributions of a set of reference RAN scenarios to be directly utilized in the BTA

assessment.

For this purpose, atotal of 535 wireless backhaul links deployed in rural and sub-urban areas of a European Country
have been monitored for the entire month of January 2024. All links provide connectivity to single three-sector RAN
sites equipped with 4G (in all cases) and possibly 5G technology (in nearly 50 % of cases). Asfor the 4G layer, the
communication in each sector is ensured by 2x2 MIMO base stations employing a total bandwidth ranging from

10 MHz to 80 MHz across several combinations of one-to-six frequency bands, all operated in FDD mode. When
present, the 5G layer isimplemented in the C-Band and utilizes base stations equipped with 64 transmit and 64 receive
antennas. An indication on whether the different sites are deployed in touristic areas and deliver FWA servicesisalso
available (see table 4 and table 5 for more detailed statistics on the investigated links).

Table 4: Distribution of the total 4G bandwidth utilized by the RAN sites reached by
the backhaul links under analysis

Total RAN sites RAN sites equipped RAN sites in RAN sites providing
with 5G touristic areas FWA services
10 MHz 12 0 0 0
15 MHz 4 0 0 0
20 MHz 6 0 2 0
25 MHz 79 20 5 17
30 MHz 32 10 4 10
35 MHz 18 3 2 2
40 MHz 1 0 0 0
45 MHz 190 89 24 82
50 MHz 3 0 2 0
60 MHz 161 108 36 97
80 MHz 29 16 9 17
Total 535 246 84 225

Table 5: Correlation among RAN sites equipped with 5G technology, sites deployed in
touristic areas and sites providing FWA services

5G Touristic FWA

5G 246 27 223
Touristic 27 84 23
FWA 223 23 225

During the experimental campaign, the bidirectional time series of the maximum, average and minimum percent
bandwidth utilization within the one-month observation period have been extracted and recorded for each link with a
time granularity of 15 minutes by leveraging the available performance monitoring systems. Then, the measured
bandwidth utilization time series have been converted into traffic time series - in bit/s - by considering the actual
interface port speed of the link equipment in each 15-minute time window. For every link, only the communication
direction with the highest transported capacities (carrying downlink radio access flows) has been accounted for in the
analysis presented in this clause.

Afterwards, the selected traffic time series of each link have been used to derive the relevant CDFs as detailed in
clause 5.2, which in turn have been accurately classified by applying the guidelinesin clause 5.3. The successive

clustering phase has been based on the only cumulative distribution functions of the random variables (Ty,0x + Tinin)/2
of each link, obtained by averaging the minimum and the maximum throughput values measured at 15-minute intervals,
as the best approximation to the CDFs of the traffic observed with atime granularity on the order of 1 second
recommended for computing the BTA according to ETSI GR mWT 028 [i.1] (see clause 5.2). Furthermore, the analysis
has been restricted to the three largest 4G bandwidth categories identified in table 4 - namely 25 MHz, 45 MHz, and

60 MHz - thereby narrowing the considered dataset to a subset of 430 links out of the original 535.
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Grouping the selected traffic time series on the basis of the total amount of 4G bandwidth leads to the three clusters of
cumulative distribution functionsillustrated in figures 14-(a), 14-(b) and 14-(c), where only the median CDF, the

95" percentile upper-bound CDF and the 5™ percentile lower-bound CDF are drawn for each case, according to the
guidelinesin clause 5.4. Despite the fact that there are significant differencesin the statistical behaviour of the traffic
produced by the three bandwidths - as outlined by figure 14-(d) that summarizes the 50 percentile and the

99 percentile values of the median CDF of each group -, the resulting three clusters of cumulative distribution
functions mostly overlap (as shown in figure 15, where all lines in figures 14-(a), 14-(b) and 14-(c) are superimposed in
the same plot).

All sites 25 MHz All sites 45 MHz

95" percentile upper-bound CDF
(excluding 5 % of CDFs with higher values)

Median CDF

5t percentile lower-bound CDF
/ (excluding 5 % of CDFs with lower values) 20

Mot AR S0 S R RS )

Median CDF @ Median CDF @

4G 25 MHz 45 Mbit/s @ 190 Mbit/s @
N 4G 45 MHz 80 Mbit/s 290 Mbit/s
o 4G 60 MHz 125 Mbit/s 390 Mbit/s

() (d)

Figure 14: Representative CDFs and reference values of the three clusters of cumulative distribution
functions derived by employing the only total 4G bandwidth information
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Figure 15: Superposition of the median CDF, the 95" percentile upper-bound CDF and
the 5" percentile lower-bound CDF of each of the three clusters in figure 14
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A further level of grouping of the traffic time series based on a second attribute becomes therefore necessary to obtain
more distinguishable clusters with a reduced spread between the 95 percentile upper-bound and the 5™ percentile
lower-bound CDFs. Among all the available link information, the "Touristic" label has not been considered due to both
the limited number of surveyed sites with this feature and the observation period (falling in the off-peak season), while
both the 5G and FWA attributes have been investigated separately (although almost all 5G sites also provide FWA
services, asreported in table 5) obtaining, e.g., figure 16 for the case of 25 MHz total 4G bandwidth (similar outcomes
have been achieved for 45 MHz and 60 MHZz). The plots suggest that a further grouping of the traffic time series either
on the basis of the presence or absence of 5G technologies in the connected sites (figure 16-(a)), or on the basis of the
presence or absence of FWA services (figure 16-(b)), represents an effective strategy for decreasing the spread of the
identified clusters, thus confirming, as expected, the key role of the 5G and FWA dimensionsin the clustering process.
Unfortunately, the strong correlation among sites equipped with 5G radio access technology and those offering FWA
services does not allow to appreciate the mutually exclusive use of these two important labels. Therefore, the second
clustering dimension of the present study can only be formulated as "links carrying 5G and/or FWA traffic".

The considerations expressed in the present clause, even if related to alimited number of surveyed links, provide afirst
example of how to apply the methodology described in clauses 5.2 through 5.4, and corroborate the importance of some
of the key clustering attributes identified in clause 5.3.

(a) (b)

Traffic COF
Traffic COF

Mbit/s Mbit/s

NOTE: This figure shows the 95™ percentile upper-bound CDFs and 5™ percentile lower-bound CDFs of the
clusters of traffic time series with or without 5G data streams (in black and red colour, respectively, in (a)),
and with or without FWA services (in black and red colour, respectively, in (b)) for the only case of 25 MHz
total 4G bandwidth. As a reference, the lower-bound and upper-bound CDFs of the overall cluster with a
total of 25 MHz 4G bandwidth (i.e. considering the first classification attribute only) are also shown in both
(a) and (b) in grey.

Figure 16: Clusters of traffic time series with or without 5G data streams and with or without FWA
services for the case of 25 MHz total 4G bandwidth

6 Link planning example

6.1 Overview

The present clause 6 is entirely devoted to the description of a comprehensive planning procedure based on the New
KPls methodology, with specific reference to the illustrative backhaul scenario sketched in figure 17. Before delving
into the link design example, clause 6.2 explores practical strategies for determining both the average and the peak
values of the expected traffic demand of any backhaul link of interest, that are key parameters for the application of the
analytical procedure for deriving BTA lower bounds, as outlined in clause 4. Afterwards, clause 6.3 gets to the heart of
the case study by describing the main system and link assumptions, followed by clauses 6.4 and 6.5 which illustrate the
planning workflow by applying the methods for computing the BTA metric detailed in the previous parts of the present
document.
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6.2 Derivation of the average and the peak values of the
expected link traffic demand

Ashighlighted in clause 4, the analytical procedure for deriving BTA lower bounds relies on the availability of accurate
estimates of both the averagetraffic demand E[T] and the peak traffic demand t,,,, expected over the transport link
under consideration. Specificaly:

. E[T] denotes the average value of the expected traffic demand over an entire year, or, if unavailable, over any
period not shorter than one full day (24 hours);

. tmax denotes the maximum value of the expected traffic demand that can be theoretically generated by the
ensemble of the transported RAT layers.

While well-defined guidelines exist for computing the peak throughput values (e.g. asoutlined in NGMN 0.4.2 [i.2] and
illustrated in figure 1 for theillustrative case of a RAN site with three sectors), thereis currently no standardized
approach for estimating the average traffic demands. In practice, the derivation of the latter quantitiesis often carried
out using proprietary tools devel oped by mobile network operators or vendors, whose internal mechanisms and
specifications fall outside the scope of the present document. Nevertheless, to ensure a self-contained and accessible
methodology, a few approaches that have been recognized as valid during the preparation of the present document are
outlined below. Alternative strategies - either derived from those listed here or complementary to them - may also be
adopted.

1) Determination from empirical measurements

The average traffic demand value E[T7] (in bit/s) for the link of interest can be estimated by measuring the total number
of bits Q transmitted over atransport connection with similar characteristics (e.g. in terms of the attributes illustrated in
clause 5) during atime interval of S seconds (with S > 86 400), and then dividing the observed quantity by S, as:

¢

ElTI =5 |

2) Determination from busy hoursaveragetraffic

The average traffic demand value E[T] (in bit/s) for the link of interest can be estimated by appropriately scaling the
average throughput exchange E[T,s, ] (in bit/s) that is expected during busy hours according to the following
expression:

bit]’ (17)

E[T] = E[Tbusy]rl + E[Tbusy]‘rz(1 - rl) [T

where coefficient r; (< 1) represents the portion of the day classified as"busy hours’, and r, (< 1) reflects the
anticipated traffic reduction during off-peak periods.

EXAMPLE: Assuming 8 hours of busy time per day and a 50 % reduction of the average traffic during off-peak
hours with respect to E [Ty, |, it would yieldr, = 8/24 = 1/3 andr, = 1/2.

Inthis case, the average traffic value E [T}, ] during busy hours can be obtained either through simulation or by direct
measurement of transport connections that exhibit similar characteristics (e.g. in terms of the attributes described in
clause 5) to the link of interest.

NOTE: Throughout the present document, the expression busy hours denotes the specific time period during the
day when a network or system experiences its highest volume of activity or traffic.
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3) Determination from the peak traffic value

The average traffic demand value E[T] (in bit/s) for the link of interest can be estimated as a fraction of the expected
peak traffic t,,q, (in bit/s) as:

E[T] = t’;—s [?] (18)

where the scaling factor 5 can be chosen in the range [3,8] when the target backhaul link connects asingle RAN site.
For a conservative network planning, avalue of r; = 3 should be selected.

6.3 Scenario description

Clause 6 pursues the task of planning a bidirectional backhaul connection between two radio sites at a distance of

5,3 km and deployed in a geographical region where rainfall intensities exceed 32 mm/h for 0,01 % of thetimein ayear
(seefigure 17 for reference). The expected traffic volume to be transported across the two communication pathsis
unbalanced, and it is characterized by a peak load t,,,,,, = 3,5 Ghit/s and an average value E[T] = 1,36 Gbit/sin the
direction with the highest demand - both of which are known parameters.

Rain zone with 32 mm/h @ 0.01% probability

TRx CI 5.3 km D TRx
Unit Unit

& tmax = 3.5 Gbit/s

E[T] = 1.36 Gbit/s

7/ WA

Figure 17: Overview of the illustrative backhaul scenario considered in clause 6, with information on
the link distance, the rain zone and the main traffic statistical parameters

Based on this objective, the selected radio equipment consists of a single-polarization transceiver unit operating in the
E-band, featuring a bandwidth of 500 MHz and a maximum output power of 26 dBm, with a maximum gross
information rate equal to 4,5 Ghit/syielding a net throughput greater than the expected peak traffic load t,,,4,- The unit
supports an Adaptive Coding and Modulation (ACM) policy, and it is therefore capable of dynamically adjusting the
delivered capacities according to the fading conditions along the propagation path.

In this scenario, two types of parabolic antennas are assumed to be available: one with adiameter of 30 cm (maximum
gain of 45,4 dBi), and another with a diameter of 60 cm (maximum gain of 51,4 dBi). These give rise to three possible
radio link configurations:

. Configuration 1: one E-band unit equipped with 30 cm antenna at both the radio sites;

. Configuration 2: one E-band unit with 30 cm antenna at the first site and one E-band unit with 60 cm antenna
at the second site;

. Configuration 3: one E-band unit with 60 cm antenna at both the radio sites.

The purpose of clause 6 isto define the optimal radio link configuration to ensure compliance with the following target
conditions, derived from a New-KPls-oriented link planning methodology (see Introduction for further details):

° CIR = 25 Mbit/s available for at least 99,995 % of the time
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. BTA higher than 99,97 %
. Gross PIR = 4,5 Ghit/swith at least 5 dB of fade margin

It is observed that the BTA constraint expressed above can be interpreted, for instance, as s,emming from the
application of the apportionment rule outlined in annex A of the ETSI GR mWT 028 [i.1] to the network topology
depicted in figure 18, where threeradio sites- A, A, and A; - are connected to aremote aggregation node C in a
daisy-chain configuration (see annex C for further details on the recommended guidelines for BTA apportionment in
generalized network scenarios). Specifically, the selection of the target BTA values for each link illustrated in the
diagram ensures that the traffic generated by each of the three radio sites achieves an overal end-to-end BTA (i.e. up to
node C) that consistently meets or exceeds the threshold of 99,9 % recommended in [i.1].

C 99974 A1 9997% A2 99964

O O O O

Figure 18: lllustrative BTA apportionment for a network topology with three radio sites connected to
a remote aggregation point in a daisy-chain configuration

Two distinct link planning procedures are outlined in the following, depending on whether an estimate of the complete
statistical distribution of the expected traffic demand, in addition to the provided peak and average values (t,,,, and
E[T], respectively), is available or not.

6.4 Link planning with known traffic distribution

When an estimate of the cumulative distribution function F(t) of the link's target traffic demand is available - such as
from the employment of the measurement-based methodology described in clause 5 - the planning procedure should
follow the general steps specified in table 6.

Table 6: Link planning procedure according to the New KPIs methodology with
known cumulative distribution function of the link's target traffic demand

Initialization
1) For each jthradio link configuration, compute the following metric:
o) = Py () + Grx () + Gra () (19

as the sum of the maximum transmit power P72%*(j) (in dBm), the transmit antennagain G, (j) (in dB)
and the receive antenna gain G, (j) (in dB) of the available radio equipment;

2) sorttheavailableradio link configurations in ascending order based on the metric ¢ (), to obtain:
p(1) <2 <- <o), (20)
being J the total number of radio link configurations;
3) initidizej =1,
Link Planning

4)  compute the metrics prescribed by the New KPIs methodology considering the jth radio link
configuration:

43) derivethe PIR fade margin FMp;r (j) &s:
FMpir(j) = PER() + Gr () + Grye(j) — PL — GL — Sii ()), (21)
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where PEIR () isthe transmit power of the radio equipment relativeto the PIR (in dBm), G, (j) an
Grx(j) are defined asin step 1, PL isthe free-space path loss (in dB), GL is the attenuation due to
atmospheric gases (in dB), and SEIR(j) isthe receiver sensitivity threshold relativeto the PIR (in
dBm);

NOTE: Term GL can be computed according to Recommendation ITU-R P.676-13 [i.5].

4b) derive the availability 9% (j) of each ith backhaul capacity ¢ (with c$5) < ¢{2) <...< c{®)
according to the well-established methodol ogies based on the fading prediction models described
in Recommendation I TU-R P.530-19 [i.4];

4c) forall indexesi = 1,2, ..., M, compute the probability P(C{, ¥ < T < ¢{9)) that the link

throughput demand lies in the range between backhaul capacities CgH_l) and Cég on the basis of
the target traffic cumulative distribution function F;(t) (assumed known in the present clause) as:

P(Ci ™ < T < cgp) = Fr(CSy) — Fr(Car™), (22)

being C%) = 0 bit/s the link failure state;

4d) derivethe BTA y; through the formula presented in equation (1), which is reported here for ease of
reference and improved readability:

M
vy =) P <T <) x 950, (23
i=1

wheretermsﬁlgg(j) and P(ClgiH'l) <T= Cé?,) (fori = 1,2, ... M) have been obtained in previous
steps 4b and 4c, respectively;

5) if the PIR fade margin FMp,r(j), the BTA y; and the CIR availability derived in step 4 meet the
planning targets, then end the procedure and plan the link with the jth radio configuration, otherwise
increment the counter j by 1;

6) if j <] repeat the process starting from step 4, otherwise end the procedure and conclude that no radio
link configuration among the available ones can meet the planning targets.

NOTE: Theinitiaization phase presented in table 6 (and in following table 8) serves solely as an illustrative
example. Its purpose is to organize the candidate radio link configurationsin alogical sequence, in order
to begin with the simplest (i.e. least costly) option and to progressively test more complex (or expensive)
solutions in the subsequent Link Planning steps 4, 5 and 6, until all New KPIs target conditions are
satisfied. Depending on the specific context, alternative and more sophisticated sorting criteria can be
necessary to accommodate varying strategic needs.
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Figure 19: Cumulative distribution function F;(t) of the link's target traffic demand used to derive
the BTA values in table 7 through equations (22) and (23)

Table 7 shows the values of the PIR fade margin FMp(j), the BTA y; and the CIR availability that can be obtained by
applying steps 4a through 4d of the methodology in table 6 to each jth radio link configuration defined in clause 6.3
(herej = 1,2,3), assuming that the cumulative distribution function F(t) of the link'starget traffic demand is the one
depicted in figure 19. Based on the reported outcomes, it can be easily deduced that the planning procedure of table 6
would result in the selection of the second radio link configuration (j = 2), that delivers the minimum system gain
needed to satisfy al the New KPIstarget conditions specified in clause 6.3.

To provide abroader perspective, the results presented in table 7 are complemented by the plot in figure 20, that

illustrates the variation of:

i) thePIR fade margin (right y-axis);

ii) theBTA calculated according to equation (23) on the basis of the link's target traffic demand distribution
shown in figure 19 (left y-axis);

iii) thelower bound of the BTA derived through the analytical procedure described in clause 4.3 (which formsthe

core of the approach discussed in the following clause 6.5) (left y-axis); and

iv) the CIR availability (Ieft y-axis)

as afunction of the combined transmission and reception antenna gains. As areference, the gain levels ensured by radio
link configurations 1, 2 and 3, corresponding to 90,8 dBi, 96,8 dBi and 102,8 dBi, respectively, are also highlighted on

the x-axis.

Table 7: Key results obtained by applying steps 4a through 4d of the planning procedure illustrated
in table 6 to the radio link configurations described in clause 6.3

Radio link configuration PIR fade margin FMp;g(j) BTAy; CIR availability
j=1 9,26 dB 99,964 % 99,995 %
j=2 15,28 dB 99,978 % 99,997 %
j=3 21,30 dB 99,986 % 99,998 %
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Figure 20: Variation of the metrics used in the New KPIs planning methodology as a function of the
combined transmission and reception antenna gains

It isremarked that, while the example discussed in the present clause 6 involves selecting only the size of the antennas
to complete the link design process, other planning scenarios could be more complex and involve candidate radio
configurations with also variations in the total output powers provided at the antenna port, arising, for instance, from the
availability of different product versions or the implementation of Remote Transmit Power Control (RTPC) policies -
which ultimately result in limitations on the effective radiated power and are thus sensitive to the employed
transmission antenna gains. Nevertheless, the approach outlined in table 6 can be easily extended to account for these
additional cases.

6.5 Link planning with unknown traffic distribution
When the information on the link's target traffic demand distribution is not available, the BTA computation should be
based on the conservative but effective approach described in clause 4.3. Table 8 illustrates all the steps needed to plan

any backhaul link according to the New KPIs methodology in this case.

Table 8: Link planning procedure according to the New KPIs methodology with unknown cumulative
distribution function of the link's target traffic demand

Initialization
1) For each jthradio link configuration, compute the following metric:
() = Pr* () + Grx () + Gre () (24)

as the sum of the maximum transmit power P72%*(j) (in dBm), the transmit antennagain G (j) (in dB)
and the receive antenna gain G, (j) (in dB) of the available radio equipment;

2) sortthe availableradio link configurations in ascending order based on the metric ¢ (), to obtain:
p(1) <2 <- <o), (25)
being J the total number of radio link configurations;

3) initidizej = 1;
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Link Planning

4)  compute the metrics prescribed by the New KPI's methodology considering the jth radio link
configuration:

4a) derivethe PIR fade margin FMp(j) as:
FMpir() = PraR () + Grx(j) + Grye () — PL — GL — SR ()), (26)

where PFIR(}) is the transmit power of the radio equipment relativeto the PIR (in dBm), Gr,(j) an
Grx(j) are defined asin step 1, PL isthe free-space path loss (in dB), GL is the attenuation due to
atmospheric gases (in dB), and SEIR(j) isthe receiver sensitivity threshold relativeto the PIR (in
dBm);

NOTE: Term GL can be computed according to Recommendation ITU-R P.676-13 [i.5].

4b) derive the availability 9% (j) of each ith backhaul capacity ¢ (with ¢$r) < ¢{2) <...< c{®)
according to the well-established methodol ogies in Recommendation ITU-R P.530-19 [i.4];

4c) derivethe BTA lower bound by following the analytical procedure detailed in clause 4.3 (table 1),
. M
using as inputs the current availabilities {0;2 6] } (computed in step 4b) and the average and
i=1

the peak values of the expected traffic demand E[T] and t,,,,, respectively;

5) if the PIR fade margin FMp;r (j), the BTA lower bound and the CIR availability derived in step 4 meet
the planning targets, then end the procedure and plan the link with the jth radio configuration, otherwise
increment the counter j by 1;

6) Ifj <] repeat the process starting from step 4, otherwise end the procedure and conclude that no radio
link configuration among the available ones can meet the planning targets.

Table 9 reports the values of the PIR fade margin FMp,,(j), the BTA lower bound and the CIR availability that can be
derived by applying steps 4a through 4c of the methodology in table 8 to each jth radio link configuration. Comparing
these results with the New KPIs target conditions specified in clause 6.3 clearly indicates that, also in this case, the
overall planning procedure in table 8 would designate configuration 2 as the preferred radio technology for the link
under study.

Table 9: Key results obtained by applying steps 4a through 4c of the planning procedure illustrated
in table 8 to the radio configurations described in clause 6.3

Radio link configuration PIR fade margin FMp;r(j) BTA lower bound CIR availability
j=1 9,26 dB 99,955 % 99,995 %
j=2 15,28 dB 99,974 % 99,997 %
j=3 21,30 dB 99,984 % 99,998 %

For the sake of clearness, the results obtained from the application of the analytical method of clause 4.3 are here
reported for the only case of configuration 1 (first row of table 9). Specifically, table 10 shows the set A of the test
parameters {a,, }_, selected in the present example (as per step 2 of the procedure in table 1), the corresponding
{B,}N_, parameters derived from equation (12), the indication on whether constraint (13) is satisfied or not, and the
resulting BTAS {y,}Y_,. In the examined scenario, the analytical method would yield aBTA lower bound equal to
99,955 %, which corresponds to the minimum value among the BTAs displayed in the fourth column of table 10 that
satisfy condition (13).
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Table 10: Results obtained from the application of the analytical method proposed in clause 4.3 to
the radio link configuration 1

a, €A B from equation (12) Is constraint (13) BTA y, [%]
satisfied?
0,05 0,079 No 99,891
0,1 0,157 No 99,902
0,2 0,315 No 99,918
0,3 0,472 No 99,929
0,4 0,629 No 99,937
0,5 0,786 No 99,942
0,6 0,944 No 99,946
0,7 1,101 No 99,949
0,8 1,258 No 99,952
0,9 1,415 No 99,953
1 1,573 Yes 99,955
2 3,145 Yes 99,961
3 4,718 Yes 99,963
4 6,290 Yes 99,963
5 7,863 Yes 99,964
10 15,726 Yes 99,965
20 31,451 Yes 99,966
40 62,902 Yes 99,967
60 94,353 Yes 99,967
62 97,498 Yes 99,967
64 100,643 Yes 99,967
66 103,788 Yes 99,967
68 106,934 No 99,967
70 110,079 No 99,967
7 Conclusions

Planning backhaul networks through the New KPIs methodology calls for reliable techniques for predicting the traffic
demand distributions across the different links, which are essential for accurately evaluating the novel BTA metric. The
present document has introduced two complementary solutions to address this challenge.

The first method relies on an analytical procedure designed to estimate the worst-case BTA of any backhaul link. Its
key advantage isthat it is based solely on the knowledge of the average and peak values of the expected link traffic
demand, rather than the full throughput statistical distribution. Although this approach inherently yields a conservative
BTA evaluation, an experimental validation activity based on traffic time series collected from operational wireless
transport networks has demonstrated its effectivenessin significantly reducing link over-engineering compared to
current planning criteria.

The second method involves conducting measurement campaigns on live backhaul systems with the aim of deriving a
dataset of traffic demand distributions to be possibly used as reference statistics for the assessment of the BTA in
various deployment scenarios, with different environmental (e.g. in terms of topology and subscribers' density) and
technological (e.g. in terms of transported RAN configurations) conditions.

It isworth noting that these two strategies can also be employed in a synergistic manner. In some cases, the data
collected in real radio fixed networks could provide valuable insights into the traffic loads which may be expected in
specific contexts of interest, that can in turn be used asinputs to the analytical procedure for computing worst-case (or
lower bound) BTA values.

The contributions described in the present document - aimed at defining practical methodologies for assessing the BTA
metric - are believed to represent a significant advancement in promoting and accel erating the adoption of the New
KPls-based design paradigm in current and future wireless backhaul networks.
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Annex A:
Experimental validation of the analytical procedure for
deriving BTA lower bounds: methodology and results

Al Overview

Annex A provides a detailed description of the methodology used to define constraint (13) in the analytical procedure
for deriving BTA lower bounds asillustrated in table 1.

Asalready mentioned in clause 4.3, inequality (13) limits the search of the BTA lower bounds within the subspace of
(a, B) parameters that generate plausible traffic demand distributions where high throughput values occur with
progressively smaller probabilities with respect to lower capacities, thus excluding, by way of example, the unrealistic
behaviours previously highlighted in figures4 and 5 (for 8 = 0,5 infigure4-(a) and @« = g = 0,5 infigure 5-(@)). More
specificaly, this condition has been imposed by setting a restriction on the slope of the admissible cumulative
distribution functions in the high-traffic region, and, in mathematical terms, it has been achieved by requiring that the
maximum value of the derivative of the CDF Fr(t, a,, B,,) produced by ageneric pair of parameters (a,, ,,) and
evaluated at atraffic load equal to p X t,,4, (SAY With 0,9 < p < 1) isupper-bounded by a convenient term n/t,, 4

FT(t,an.Bn)

1 (@mTta-p)bnt
ot = fr(t = p X tmax, @, Pr) = v

t=pXtmax tmax I'(an)T(Bn)

[(tn + Bp) < =, (A1)

where f(t, ., B,) isthe probability density function associated with the pair of parameters (a,,, 8,), and is given by
equation (7).

The choice p = 0,999 and n = 0,05 for constraint (13) has been determined as a result of athorough simulation
campaign based on a dataset of traffic time series acquired from a currently operative backhaul network, as further
detailed below.

The remainder of annex A is organized as follows. Clause A.2 provides an overview of the employed database, while
clause A.3 describes the methodology adopted for the simulation activity, in terms of main assumptions, utilized metrics
and test cases. Finally, clause A.4 discusses the numerical results.

A.2  Database description

The results described in annex A are based on a database composed of 1 510 time series obtained by recording the peak
traffic loads of a set of links deployed in a commercial backhaul network for an overall period of 18 weeks, with atime
resolution of 1 hour. It is remarked that this coarse data resolution (e.g. with respect to the 15 minutes time granularity
typically supported by performance monitoring systemsin currently deployed backhaul networks) does not constitute a
limitation for the following analysis, since the real purpose of annex A isto numerically (and massively) assess how
effectively the proposed analytical procedure is able to derive accurate lower bounds on the BTAs of transport links
with arbitrary - yet reaistic - traffic distributions, rather than to achieve a New-KPls-compliant link planning (a process
that would have undoubtedly involved managing traffic data with time resolutions on the order of 1 second, according
to ETSI GR mWT 028 [i.1] and as discussed in different occasions within the present document).

In order to prevent the present study from being biased in favour of traffic distributions that would not be realistically
and practically considered in any rationale backhaul link design process, the time series composing the
above-mentioned database have been selected so as to:

. have a Peak-to-Average Ratio (PAR) lower than or equal to 8;
e  haveanalytically continuous cumulative distribution functions;

e  have cumulative distribution functions with probabilities higher than 99 % and 99,8 % for traffic values
greater than 0,99 X t,,,, and 0,998 X t,,,, (being t,,,, the maximum value of each time series), respectively,
thus ensuring a smooth behaviour in the high-throughput region (figure A.1 illustrates graphically this
condition).
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NOTE:  Only the time series characterized by cumulative distribution functions with probabilities higher than 99 %
and 99,8 % for traffic values greater than 0,99 X t,,,,, and 0,998 X t,,..,, respectively, have been included
in the database.

Figure A.1: Graphical representation of the condition imposed on the cumulative distribution
functions of the selected time series

A.3  Methodology, system assumptions and test cases

Each time series in the database described in clause A.2 has been re-scaled so as to have:
tnax = @ X CBH,maxJ (A.Z)

where parameter w < 1 accounts for the unavoidable gap between the actual peak traffic value t,,,,, and the maximum
capacity Cpy may that can be delivered by the employed radio transport technology, and it will be varied in the different
test cases considered in the present study. Backhaul links operating in E-band (at around 80 GHz) over a bandwidth of
500 MHz with vertically polarized electromagnetic field and supporting an ACM policy are here considered as the
reference transport technology. More specifically, the analysisillustrated in clause A.4 will focus on five representative
links, with hop lengthsd = 1, 2, 3,4 and 5 km, all deployed in aregion with rainfall intensities exceeding 42 mm/h for
0,01 % of thetimein ayear.

A tota of ninetest datasets have been derived from the original database described in clause A.2:

Test dataset I: composed of al the traffic time series (i.e. with PAR < 8), and selecting w = 0,82 in equation (A.2);
Test dataset 11: composed of al the traffic time series, and selecting w = 0,9;

Test dataset I11: composed of all the traffic time series, and selecting w = 0,95;

Test dataset 1V: composed of the only traffic time serieswith PAR < 6, and selecting w = 0,82;

Test dataset V: composed of the only traffic time serieswith PAR < 6, and selecting w = 0,9;

Test dataset VI: composed of the only traffic time series with PAR < 6, and selecting w = 0,95;

Test dataset VII: composed of the only traffic time series with PAR < 4, and selecting w = 0,82;

Test dataset VII1: composed of the only traffic time serieswith PAR < 4, and selecting w = 0,9;
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Test dataset 1X: composed of the only traffic time serieswith PAR < 4, and selecting w = 0,95.

For each ith test dataset (i = I, II, 1, IV, V, VI, VII, VIII, IX):

1)

acumulative distribution function has been first computed for each ¢th traffic time series, and has been then
employed to generate, by applying equation (1), the actual link BTA value for each considered hop length d:

BTApq(Gror) (£ =1,2,...,L; d = 1,2,3,4,5 km), (A.3)

where dependence on the overall antenna gain G,,; (namely, including both the receive and the transmit side),
in dB, is explicitly indicated to facilitate the following description, while L; is the total number of time series
included in the ith test dataset.

NOTE 1. To derivethe actual link BTAS, the availahilities of the different capacities offered by the radio

2)

3)

connection for each hop length d have been computed on the basis of Recommendation I TU-
R P.530-19 [i.4] by taking into account free-space |0ss, gaseous absorption and rain attenuation as the
primary propagation impairments.

an average and amaximum traffic load value (E[T] and t .., respectively) have been derived for each £th
traffic time series in the dataset, and have been employed as inputs to the analytical procedure as detailed in
table 1, that has been run for each link distance d and for each kth choice of a pre-defined set of K pairs of
parameters (p, n) to be used in congraint (13), in order to derive the corresponding BT A lower bound:

LB{’,d,k(GtOt) (‘g = 1,2, 'Ll' d= 1, 2, 3, 4,5 km, k= 1,2, K) (A4)

The analysis presented in clause A.4 will evaluate all the combinations of p € {0,99, 0,999, 0,9999, 0,99999}
andn €

{0,002, 0,004, 0,006, 0,008,0,01, 0,02, 0,03, 0,04, 0,05, 0,06, 0,07, 0,08, 0,09,0,1,0,2, 0,22, 0,24, 0,26,
0,28,0,3,0,32,0,34,0,36,0,38,0,4,0,5,0,6,0,7,0,8,0,9, 1}, leading to an overall cardindity K = 4 x 31 =
124.

arelative error between the derived BTA lower bound (step 2) and the actual link BTA (step 1) has been then
computed for each £th time series, for each link distance d and for each kth pair (pg, 1) as.

e = (1 = BTA;q(Geor)) — (1 = LBy g i (Gror)) AE
ek (1 = BT A4 (Gror)) ' (A-9)

NOTE 2: Informula(A.5), therelative error is expressed in terms of the outage quantities (1 — BTA, 4(G,,,)) and

4)

(1 = LBy gk (Gtor))-

an excessgain A, 4 in dB needed to achieve a BTA lower bound LB, 4 , numerically equal to the actual link
BTA BTA, 4 has been computed for each £th time series, for each link distance d and for each kth
pair (pg,nx)- In mathematical notation, excess gain A, ; , guarantees that:

LBpay(Geot + Drax) = BTApa(Geop)- (A.6)

It is highlighted that the latter metric has the scope of quantifying, in [dB], the superfluous system margin that
the employment of the proposed analytical procedure for deriving BTA lower bounds with parameters (py, 1)
would introduce in a possible planning process involving alink with length d and carrying atraffic expressed
by the £th time series.

In clause A.4, the best pair of parameters (p,n) isinvestigated for every ith test dataset on the basis of an assessment of
the following three key metrics:

1)

2)

the statistical distribution of the relative errors g, 4, derived for all the L; time series and the five link
distances under consideration;

the statistical distribution of the excessgains A, ; ;, derived for all the L; time series and the five link distances
under consideration;
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3) thelower bound efficiency v;, defined as the percentage of cases in which the proposed analytical procedure
employing the kth pair (p,, 1) in constraint (13) succeeds in generating actual BTA lower bounds. Since,
according to equation (A.5), LB, 4 x (G¢,¢) constitutes alower bound on the actual link BTA value computed
for each £th time series and for each link distance d if and only if &,4, = 0, it yields:.

1 Li skxm
=T 5; dz 1(gpqr) X 100 [%], (A7)

1

where 1(x) isthe step function, defined as:

1ifx>0

1&)=%Ux<0 (A-8)

A4 Numerical results

The numerical results obtained for Test datasets | through 1X are summarized in tables A.2 through A.10, respectively,
which show, for each kth choice of the pair of parameters (p, ) (i.e. for each kth row):

i)  thelower bound efficiency v, (third column);

ii) theminimum relative error experienced over al the L; time series and the five link distances (fourth column);
and

iii) the median (fifth column), the 75" percentile (sixth column), the 90" percentile (seventh column), the
95" percentile (eighth column) and the 99" percentile (ninth column) of the statistical distribution of the
excessgains A, 4, derived for al the L; time series and the fivelink distances (i.e. £ = 1,2, ..., L; and
d =1,2,3,4,5 km).

It is observed that, according to equation (A.5), the minimum relative error in the fourth column is negative whenever
the efficiency metric v, is strictly lower than 100 %, and in those cases it provides an important indication of the extent
to which an actual link BTA vaue can fall below the BTA lower bound computed according to the proposed method
with the kth pair (py, n7,) used in constraint (13).

NOTE: For conciseness, tables A.2 through A.10 only report a sub-selection of the analysed values of parameters
(o, m).

Tables A.2 through A.10 illustrate that employing the analytical procedure with relaxed conditions on constraint (13)
(for example, in rows 3-4 of table A.2) guarantees to find actual BTA lower bounds for all the links (v, = 100 %), at the
expense of agenerally high excess gain (larger than 5 dB in 50 % of casesin the considered examples). At the same
time, the results suggest that the inherent trade-off between lower bound tightness and overall accuracy can be
optimized by pursuing the reasonable compromise of selecting pairs of parameters (p,n) that could cause a dight
degradation in the lower bound efficiency v, (with respect to the full scale of 100 %), while yielding the advantage of
maintaining the excess gain below 3 dB in the magjority (i.e. in the range 95 % to 99 %) of cases. It isremarked that the
3 dB vaue is compatible with the margin that is typically considered in network planning phases to compensate for
unexpected system losses along the transmission links, such as those caused by misalignments between transmit and
receive antennas due to imperfect installation. Accordingly, in the present document the optimum pair (p,n) is defined
asthe one that results in the minimum 95" percentile value of the excess gain across all test cases, while simultaneously
guaranteeing the following two conditions:

C1 lower bound efficiency v, aways higher than 99 %;

C2  minimum relative error experienced in all test cases higher than -21 % (it isrecalled that the relative error is
negative only when the BTA lower bound value is higher than the actual link BTA, according to equation (A.5)).

It is noted that conditions C1 and C2 imply that the proposed analytical procedure can fail to compute an actual lower
bound in only 1 % of the cases within the considered datasets, and that, in such rare circumstances, the BTA lower
bound can exceed the actual link BTA by only avery limited amount. To illustrate this quantitatively, table A.1 reports,
for each BTA lower bound value shown in the first column, the minimum actual link BTA that could result according to
condition C2 and equation (A.5).
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Table A.1: BTA lower bounds and corresponding minimum actual link BTAs according to

condition C2
BTA lower bound Minimum actual link BTA
[%] [%]
99,9 99,873418
99,95 99,936709
99,99 99,987342
99,995 99,993671
99,999 99,998734

Considering all the analysed test cases, the optimum pair of parameters (p,7) that minimizes the 951" percentile value of
the excess gain and that at the same time guarantees conditions C1 and C2 turns out to be:

p = 0,999, n = 0,05, (A.9)

and thisisthe recommended choice for the application of the analytical procedurein table 1 of clause 4.3.

Table A.2: Selected results for Test dataset | (PAR £ 8, w =0,82)

p n LB efficiency v minimum relative Excess gain [dB)
(%] RUSCLS 50-percentile 75-percentile | 90-percentile | 95-percentile | 99-percentile

099 | 001 | 9359 ' -2099 ' oes | 107 | 14e 155 301
099 | 002 | 95.32 ' 19.65 o718 | s | 47 159 304
099 | 09 | 10000 | 4585 | s22 | ss5 | 6. 773 915
099 | 1 | 0000 | 4585 | 52 | s | ew | i | e
0999 | 002 | 98,01 ' 1382 ' 101 L 140 | 140 167 3.06
0999 | 004 | 98,98 ' 1245 | 115 I 12 | 1s0 172 306
0.999  0.05 99.05 ' -10.92 1.7 | 143 | 188 | a1 | 307
0999 | 006 | 99.17 | -1092 117 | s | s | wm | 307
0999 008 | 99.30 ' 918 ' 27 | 144 | e 186 307
09%9 | 01 | 99.32 ' 918 ' 132 | 145 | 1es 190 307
09999 | 0002 | 97.30 ' 1505 ' 88 | 130 | 148 162 305
0.9999 | 0.004 | 97.66 ' 1382 | 098 | 13w | 149 165 305
0.9999 | 0.006 | 97.87 ' 1245 ' 103 | a0 | 149 167 306
099999 | 0.002 | 97.83 1245 ' 105 L oam | 149 167 3.06
099999 | 0.004 | 98.29 ' 1092 ' 12 L a2 | 1s0 171 306
0.99999 | 0.006 98,65 | 1092 117 | | s 175 3.06
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Table A.3: Selected results for Test dataset Il (PAR <8, w=0,9)

p n LB efficiency v, | minimum relative Excess gain [dB]
(%] SHoRLA 50-percentile | 75-percentile | 90-percentile | 95-percentile | 99-percentile

099 | 001 95.05 -27.52 088 118 146 149 3.00
099 | 002 96.54 -25.89 0.99 129 147 157 3.03
099 0.9 100.00 136.36 869 9.05 10.61 10.76 1234
0.99 1 100.00 136.36 869 9.05 10.61 10.76 1234
0999 | 002 99.10 -‘!8,7‘9‘" 137 147 170 199 3.06

307

0999

0.999

0.04

0.06

9947

99.50

-18.52

'15‘00

149

156

155

1.66

190

203

222

230

307
0999 | 008 99.62 -13.55 156 177 216 243 3.08
0.999 01 99.63 -13.55 1.56 184 223 2.56 3.08
0.9999 | 0.002 98.64 -2204 122 144 159 1.82 3.05
0.9999 | 0.004 98.65 -22.04 132 146 1.67 1.93 3.05
0.9999 | 0.006 98.82 -18.52 137 147 173 2.00 3.06
.0.99999 .0.002 98.79 -18.52 137 148 177 205 3.06
0.99999 | 0.004 99.27 -18.52 1.46 1.52 188 2.21 3.06
0.99999 | 0.006 99.40 -1852 1.51 1.57 1.94 225 307
Table A.4: Selected results for Test dataset Il (PAR £ 8, w =0,95)
p n LB efficiency vy minimum re_la_ﬁve- Excess gain [dB] _
%] SO 50-percentile 75-percentile | 90-percentile | 95-percentile | 99-percentile '
0.99 0.01 95.66 -40.88 112 141 150 1.68 3.02
0.99 0.02 97.31 -38.67 132 147 171 1.92 3.04
0.99 09 100.00 106.04 8.20 864 915 1063 12.30
099 1 100.00 106.04 820 8.64 915 1063 12.30
0999 | 002 99.39 -27.37 1.56 196 231 262 3.07
0.04 -2434 3.00

0.999

0.999

0.06

9964

-20.79

186

201

222

2.30

2.58

3.09

3.10

99.70 3.03

0999 | 008 99.80 -16.60 215 245 297 306 319
0999 | 01 99.80 -16.60 225 256 302 307 3.29
09999 | 0.002 99.10 -2997 156 172 213 233 3.05
09999 0004 99.22 -2737 156 189 226 252 3.06
09999 ' 0.006 9930 -2434 156 1.98 233 265 307
099999 0002 99.23 2434 161 2.00 236 269 307
099999 0.004 99,55 -20.79 176 217 253 291 3.09
099999 0.006 99.59 -20.79 186 223 262 3.01 3.09
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Table A.5: Selected results for Test dataset IV (PAR £ 6, w = 0,82)

P n LB efficiency v | minimum relative Excess gain [dB]
(%] e {%] 50-percentile | 75-percentile | 90-percentile | 95-percentile | 99-percentile
099 0.01 95.16 -20.98 073 110 146 153 1.89
099 | 002 96.82 -19.64 078 118 147 1:55 199
099 09 100.00 4861 5.27 5.56 6.15 7.65 910
099 1 100.00 4861 527 556 615 765 9.10
0999 @ 002 99.25 -1381 1.07 140 149 1.62 3.01

0.04

0.999

99.66

99.66

-1245

-10.91

117

1.25

142

150

155

1.67

1.72

303

3.05

0.999 | 0.06 144
0999 @ 008 99.68 -9.18 129 145 159 1.78 3.05
0.999 0.1 99.69 918 137 146 163 1.82 3.05
0.9999 | 0.002 98.90 -15.04 0.98 1.31 1.48 1.59 222
0.9999 | 0.004 99.18 -13.81 1.03 138 148 1.61 2.28
0.9999 | 0.006 9934 -12.45 1.07 140 149 163 3.01
099999 0.002 99.37 -12.45 1.07 141 149 164 3.01
099999 | 0.004 99.57 -10.91 117 142 150 1.67 3.02
0.99999 0.006 99.66 -10.91 117 143 1.51 1.69 3.03
Table A.6: Selected results for Test dataset V (PAR <6, w=0,9)
P n LB efficiency vk minimum relative Excess gain [dB]
%] error [%] S50-percentile | 75-percentile | 90-percentile | 95-percentile | 99-percentile
099 0.01 95.90 -27.50 0.90 120 1.46 1.49 179
0.99 0.02 97.07 -25.88 1.05 131 147 152 1.88
0.99 09 100.00 13776 874 9.06 9.97 1072 12.29
0.99 1 100.00 137.76 874 9.06 9:.97. 1072 1229
0999 | 002 99.44 -18.78 137 148 1.69 1.91 3.02
0999 | 004 99.66 -1862 154 1.56 1.88 210 3.04

0999 | 006

167

199

224

3.05

99.66 1499 156
0999 | 008 9971 1363 156 177 211 229 3.06
0999 | 01 99.71 -13.63 156 185 221 237 3.06
09999 | 0.002 9938 2215 127 144 159 177 226
09999 | 0.004 99.40 -22.15 137 146 166 187 245
09999 | 0.006 99.47 -1862 137 148 173 194 3.01
099999 0002 99.56 -1862 142 148 176 197 301
099999 | 0,004 9963 -18.62 150 153 187 208 3.03
099999 ];—0.00_6 99.69 -1862 156 158 192 217 304
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Table A.7: Selected results for Test dataset VI (PAR < 6, w = 0,95)

0.999

004

99.75

99.75

-20.79

190

223

2.56

275

288

3.02

p n LB efficiency vy minimum relative Excess gain [dB]
%] sl 50-percentile | 75-percentile | 90-percentile | 95-percentile | 99-percentile
099 | 001 9596 -40.87 17 141 1.50 1.65 20
099 | 002 97.56 -38.66 137 147 1.70 188 2.28
099 0.9 100.00 105.10 825 8.65 913 9.91 10.78
099 1 100.00 105.10 825 865 9.13 991 10.78
0999 | 002 99.56 -27.37 164 199 2.29 253 3.05
-24.34

308

0.999

0.999

0.04

0.06

99.58

127

144

145

153

158

169

0999 006 205 231 310
0999 008 99.78 -16.60 216 245 293 3.05 3.20
0999 01 99.78 -16.60 229 256 301 307 3.30
0.9999 | 0.002 99.50 -29.97 156 174 212 229 3.00
109999 | 0.004 99,63 2737 156 190 225 244 303
0.9999 | 0.006 9963 2434 166 2.00 230 256 3.06
0.99999 | 0.002 99.66 -24.34 166 203 234 260 3.06
0.99999 0.004 99.75 -20.79 1.81 220 251 279 308
0.99999 0.006 99.75 -20.79 1.94 224 259 292 3.09
Table A.8: Selected results for Test dataset VIl (PAR £ 4, w = 0,82)
p n LB efficiency v | minimum relative Excess gain [dB]
(%] error [%] 50-percentile 75-percentile | 90-percentile | 95-percentile | 99-percentile
099 | 0O 94.97 -21.08 0.79 126 148 161 187
099 | 002 96.63 1973 0.88 128 148 161 187
099 | 09 100.00 50.07 530 568 616 619 7.75
099 1 100.00 15007 530 5.68 6.16 6.19 775
0999 | 002 9927 -13.88 117 142 149 163 188
-1250 166

1.89

193

99.58 137

0999 | 008 99.58 -9.23 137 146 1.61 173 197
0.999 01 99.58 -9.23 142 147 164 178 203
09999 0002 99.13 =151 110 140 149 162 188
09999 | 0.004 99.38 -13.88 117 142 149 1.63 .88
09999 | 0.006 99.46 -12.50 117 142 150 164 188
.0_99999 | 0.002 . 9952 -12.50 1.20 143 1.50 1.65 .88
0.99999 0.004 99.56 -10.96 127 144 1.54 167 1.90
10.99999 | 0.006 99.58 -10.96 132 145 1.57 1.68 192
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Table A.9: Selected results for Test dataset VIl (PAR <4, w =0,9)

0.04

99.52

99.52

-15.03

156

1.56

163

173

192

202

210

222

p n LB efficiency vy | minimum relative Excess gain [dB]

(%] iz S0-percentile | 75-percentile | 90-percentile | 95-percentile | 99-percentile |
099 001 9478 -27.57 1.00 126 146 150 182 .
099 | 002 96.26 -25.94 115 137 148 159 1.85
099 09 100.00 13637 879 9.09 988 10.63 10.77
099 1 100.00 136.37 879 9.09 9.88 10.63 10.77 |
0999 | 002 99.29 -18.82 146 149 175 192 224 I

-18.55

230

243

0999 | 006 :
0999 | 008 99.58 -13.57 156 182 212 226 250 I
0999 | 0.1 99.58 -13.57 161 189 221 229 260 .
09999 = 0.002 99.29 -22.06 137 146 1.65 181 210 '
09999 ' 0.004 99.31 -22.06 144 148 172 189 223 !
09999 = 0.006 99.42 -18.55 149 150 1.80 196 226
099999 | 0,002 99.46 -18.55 151 153 183 199 228 '
0.99999 0.004 99.50 -18.55 156 163 192 2n 231 i
099999 0.006 9956 18555 156 167 197 218 238 '
Table A.10: Selected results for Test dataset IX (PAR <4, w = 0,95)
p n LB efficiency v | minimum relative Excess gain [dB]
[ B 50-percentile 75-percentile | 90-percentile | 95-percentile | 99-percentile
099 | 001 94.72 -4091 1.22 143 157 171 2.00
099 | 002 96.69 3871 137 149 176 192 224
099 | 09 100.00 106,61 830 866 9.10 918 997
0.99 1 100.00 106.61 830 866 9.10 918 997
0999 | 002 99.46 -27.40 176 206 230 250 286
-2437 195 225 3.07

0.999

0.04

99.65

99.65

2.56

2.76

293

0999 | 008 99.69 -16.62 225 246 285 3.03 326
0999 | 01 99,69 -16.62 234 258 299 3.07 335
09999 | 0.002 9938 -30.00 156 187 222 230 266
09999 | 0.004 99,56 -27.40 166 2.00 228 245 2.80
09999 | 0.006 99.56 -2437 176 209 236 255 293
0.99999 | 0.002 99.60 -2437 176 213 240 259 297
0.99999 0.004 99.65 -20.81 195 224 254 274 3.07
099999 0006 | 9965 -2081 200 227 261 282 | 309
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Annex B:
A methodology for analysing the impacts of New KPIs on
Total Cost of Ownership

The aim of the present annex B isto illustrate a methodology for obtaining a general assessment of the benefits, in
terms of cost of ownership, brought by the New KPIs paradigm. The envisioned approach starts by identifying a target
backhaul network and a desired peak capacity that needs to be transported over each link (for the sake of simplicity -
and without affecting the validity of the presented methodology - a unique peak capacity value for all thelinksis here
considered). Based on these inputs, the cost savings enabled by the New KPIs planning methodology - with respect to
traditional designs - can be evaluated according to the following step-by-step procedure:

1) derivethe statistical distribution of the link Iengths of the target backhaul network with a predefined
granularity, e.g. obtaining arelative frequency histogram qualitatively similar to the one shown in figure B.1
(therein with 1 km granularity);

NOTE:  This figure illustrates the percentages p; of links spanning a distance that falls within each ith interval (for
i=1,2,..,12).

Figure B.1: Qualitative representation of the relative frequency histogram of link lengths in
the target backhaul network

2) identify aset of preferred transport technologies that are able to deliver the desired peak capacities;

3) definethetarget conditions for both the traditional and the New KPIs planning methodologies. By way of
example, table B.1 shows a possible set of objectives to be guaranteed for the two approaches;

4)  for each transport technology as selected in step 2, identify the maximum link distances that can be achieved
by employing both the traditional and the New KPIs planning methodologies,

5) compute the Total Cost of Ownership (TCO) of the target backhaul network planned according to the
traditional planning methodology as.

I
TCO = Z Ci X Di, (Bl)
i=1

where index i varies across the I resolvable intervals of the link lengths distribution as derived in step 1

(I = 12 in the example of figure B.1), ¢; isthe cost of the least expensive transport technology that can be
employed to cover all the connection distancesincluded in the ith interval while satisfying the target
conditions (e.g. those outlined in the first row of table B.1), while p; is the relative number of linksin the
network with distancesincluded in theith interval (see figure B.1 for a graphical representation);
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6) dsmilarly to step 5, compute the TCO of the target network planned according to the New KPIs methodology
as.

I

TCOyew kpis = Z Ci X pi; (B.2)

i=1

7) comparethe TCOs derived at steps 5 and 6 to determine the cost savings enabled by the New KPIs planning
methodology.

NOTE: Within each ith link lengthsinterval, the set of the eligible transport technol ogies depends on the
maximum distance thresholds derived in step 4, therefore ¢; generally differs from parameter ¢; used in

step 5.
100.000% ,ff—

90.000% 4
80.000%
70.000%
60.000%

o

0 50.000%

o

40.000%
30.000%
20.000% i
10.000%
0.000% }

0 10 20 30 40 50 60 70 80
Link length [km]

Figure B.2: Link lengths distribution of the backhaul network analysed as example in
the present annex B

Table B.1: Target conditions for the traditional and New KPIs planning methodologies considered in
the present annex B

Target conditions
e 299,995 % availability for a capacity representing 15 % to 20 % of the desired
Traditional planning peak capacity
e 25 dB fade margin for the modulation format providing the desired peak
capacity
e 299,995 % availability for a capacity at least equal to 200 Mbit/s
New KPIs planning e 2999%BTA
= 5 dB fade margin for the modulation format providing the desired peak
capacity

For the sake of clarity, the remaining part of the present annex B will apply the procedure described above to assess the
potential savings - in terms of costs related to the yearly spectrum license fees only - enabled by the New KPIs
paradigm. Towards this goal, a hypothetical backhaul network characterized by alink lengths distribution as shown in
figure B.2 is considered, and two target European deployment regions are taken into account, with rainfall intensities
exceeding either 32 mm/h or 42 mm/h for 0,01 % of the time in ayear (these will be referred to in the following as

32 mm/h and 42 mm/h rain intensity zones, respectively, for simplicity).

Pursuing a desired peak capacity of 4 Ghit/s for all the connections, three backhaul solutions have been selected as
candidate technologies:

. an E-band point-to-point system with 250 MHz bandwidth and dual polarization;

. aDual Band point-to-point system operating on both E-band (250 MHz bandwidth, dual polarization) and
18 GHz frequency band (56 MHz bandwidth, dual polarization);
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. an 18 GHz point-to-point system aggregating two 112 MHz channels and operating with dual polarization.

Tables B.2 and B.3 quantify the maximum link lengths achievable by the three different transport technologies
described above for 32 mm/h and 42 mm/h rain intensity zones, respectively, considering the target conditions shown in
table B.1 (it isremarked that, in the present analysis, the assessment of the BTA has been based on the analytical
procedure detailed in table 1 for all the links). Based on these results, the numerical evaluations that follow have been
limited to the subset of links spanning a distance lower than or equal to 10,5 km and 10 km for the 32 mm/h and

42 mm/h rain intensity zones, respectively, which represent the largest achievable hop lengths under the traditional
planning methodology in the two cases.

The New KPIs, enabling awider adoption of both the E-band and the Dual Band technol ogies compared to traditional
planning approaches, position themselves as the most favourable metrics for reducing the overall spectrum-related
expenditures in scenarios where yearly license fees are inversely proportional to the operational frequency - a
characteristic that applies to the majority of casesin today's backhaul markets (by way of example, table B.4 reports the
per-link annual spectrum costs for the three backhaul technologies under inspection in two European Countries). In line
with this consideration, the present analysis has revealed significant savings of:

. 22 % and 26 % in the 32 mm/h rain intensity zone when considering the per-link yearly spectrum license fees
of EU Country 1 and 2 in table B.4, respectively;

. 28 % and 35 % in the 42 mm/h rain intensity zone when considering the per-link yearly spectrum license fees
of EU Country 1 and 2, respectively.

It is also observed that, compared to backhaul technologies operating at lower frequencies, E-band systems require
fewer radio channels to achieve the same delivered capacities, thanks to their significantly larger available bandwidths.
Consequently, the adoption of the New KPIs approach - which extends the E-band usability range - offers the additional
benefit of a more cost-effective deployment due to the generally reduced amount of hardware to be installed.

Table B.2: Maximum achievable link lengths with traditional and New KPIs planning methodologies
for 32 mm/h rain intensity zone

Traditional planning New KPIs planning
E-band 4,2 km 5,3 km
Dual Band 8,8 km 14,3 km
18 GHz 10,5 km 10,5 km

Table B.3: Maximum achievable link lengths with traditional and New KPIs planning methodologies

for 42 mm/h rain intensity zone

Traditional planning New KPIs planning
E-band 3,3km 4,2 km
Dual Band 7 km 11,5 km
18 GHz 10 km 10,5 km

Table B.4: Per-link annual spectrum license fees for the three backhaul technologies under

inspection in two European Countries

EU Country 1 EU Country 2
E-band 575 € 1614 €
Dual Band 1955€ 4924 €
18 GHz 3850 € 12 841 €
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Annex C:
Method for determining the target BTAs on individual links in
tree-shaped backhaul network topologies

C.1  Method for a simple network topology

A,

As

Figure C.1: Backhaul network topology analysed in the present clause C.1

The present annex C focuses on the network topology illustrated in figure C.1, where four radio sites:
Ay, Ay, As, A,
are connected to a common aggregation node C viathe distinct sets of links:
L, ={1}, £, ={21}, L; = (31}, £, = {4,3,1},

respectively. It is assumed that the transport network under consideration needs to be planned to ensure that the traffic
generated by each radio site 4, (k = 1,2,3,4) and directed to node C achieves an end-to-end (i.e. over the whole
cascade of connections belonging to set £;,) BTA equal to &,. To meet these conditions, the target BTAs of the different
backhaul links should satisfy the set of inegqualities obtained by applying the BTA apportionment rule for daisy-chain
topologies as described in annex A of ETSI GR mWT 028 [i.1] successively to al radio sites. More specificaly, in the
scenario of figure C.1:

. radio site A, is connected to the aggregation node C exclusively vialink 1. Consequently, to meet the

congtraint on the objective end-to-end BTA &;, link 1 should be designed to achieve a target Backhaul Traffic
Availability BTA, such that:

1- mﬂ < (1 =& (€1

e radiosite A, reaches node C through links 2 and 1. Therefore, the target BTAsfor link 2 and link 1, denoted as
BTA, and BT A,, respectively, should satisfy the following inequality:

(1-BTA;) + (1 -BTA) < (1-&); (C2)

. radio site A; is connected to node C vialinks 3 and 1. The corresponding target BTAs - BTA; and BT A, -
should then satisfy:

(1 - BTA43) + (1 - BTA;) < (1—¢&3); (C3)

. radio site A, communicates with node C through links 4, 3, and 1. Thetarget BTAsfor links4, 3and 1 -
namely BTA,, BTA; and BT A, - should satisfy:

(1—-BTA,) + (1 —BTA;) + (1 —BTA)) < (1 —§&,). (C4)
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Any selection of the target link BTAs- BTA,, BTA,, BTA; and BT A, - that satisfies the constraintsin
inequalities (C.1) through (C.4) ensures avalid network design capable of meeting the desired end-to-end Backhaul
Traffic Availability levels ¢, &,, & and &, for the data flows generated by each node.

When auniform BTA apportionment is applied across the sequence of links connecting each radio site to the
aggregation node C, the inequalities (C.1) through (C.4) result in the following constraints on the individual target link
BTAS{BTA;}{-::

. for A, (singlelink):

(1-BTA) < (1-¢&) (C5)
e for 4, (twolinks):
Iy P 2 S . )
e for A (two links):
(1-BTA) < (1_2—53) (1 - BTA;) < (1_2—53) (C7)
o« for 4, (threelinks):
(1-BTA,) < (1_3—5‘*) (1 BTA,) < (1_3—5‘*) (1 BT4,) < @ )

Based on constraints (C.5) through (C.8), the individual target link BTAs can be selected as follows:

e forlink 1, which is shared across all four radio sites, the most stringent constraint applies. Therefore:

(1 - S(z) 1- 53) (1 - 54) (C.9)
2 ’ 2 ’ 3

(1 - BT4,;) = min ((1 — 1),

. for link 2, used only by radio site A,:

(1 - BTA,) = (1_2—";2) (C.10)

. for link 3, shared by sitesA; and A,:

(1 — BTA;) = min ((1 _253) , a ;E“)> (C.11)
e  forlink 4, used exclusively by site A,:
(1-BT4,) = (1_3—54) (C.12)

By applying equations (C.9) through (C.12), the network designer can determine the appropriate target BTAs for each
individual link to ensure that the overall end-to-end Backhaul Traffic Availability conditionsé;, &,, &; and &, are met
for al the radio sites. Figure C.2 illustrates the resulting individual target BTAsfor thecase &, =&, =& =&, = 99,9 %.
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Ay
99.95% O
C A

99.967 %
O O
A,
99.967 % o

43 99.967 %

O

Figure C.2: lllustrative target BTAs for the individual links of the network topology in figure C.1 when
&1 =& =& =&, =99,9 % and with uniform BTA apportionment strategy

C.2  Method for all network topologies

The method outlined in clause C.1 can be readily extended to an arbitrary transport network topology where a set of R
radio sites A, A,, A;, ..., Ag are connected to a common aggregation point C via cascades of multiple links, asillustrated
in figure C.3. In this generalized scenario, a set of inequalities analogous to those derived for the four-site topology in
figure C.1 can be obtained by systematically applying the BTA apportionment rule to every individual path from each
radio site to the aggregation node C, regardiess of the number or arrangement of intermediate links.

Figure C.3: Generalized transport network topology

ETSI



53

ETSI TR 104 141 V1.1.1 (2026-03)

History
Version Date Status
V111 March 2026 Publication

ETSI



	Intellectual Property Rights
	Foreword
	Modal verbs terminology
	Executive summary
	Introduction
	1 Scope
	2 References
	2.1 Normative references
	2.2 Informative references

	3 Definition of terms, symbols and abbreviations
	3.1 Terms
	3.2 Symbols
	3.3 Abbreviations

	4 An analytical procedure for deriving BTA lower bounds
	4.1 Overview
	4.2 Modelling the aggregated traffic demand of backhaul links through Beta distributions
	4.3 The analytical procedure for deriving BTA lower bounds

	5 Traffic demand distribution models through measurement campaigns on live networks
	5.1 Overview
	5.2 Data collection
	5.3 Data classification
	5.4 Clustering of traffic demand distributions
	5.5 Experimental results

	6 Link planning example
	6.1 Overview
	6.2 Derivation of the average and the peak values of the expected link traffic demand
	6.3 Scenario description
	6.4 Link planning with known traffic distribution
	6.5 Link planning with unknown traffic distribution

	7 Conclusions
	Annex A: Experimental validation of the analytical procedure for deriving BTA lower bounds: methodology and results
	A.1 Overview
	A.2 Database description
	A.3 Methodology, system assumptions and test cases
	A.4 Numerical results

	Annex B: A methodology for analysing the impacts of New KPIs on Total Cost of Ownership
	Annex C: Method for determining the target BTAs on individual links in tree-shaped backhaul network topologies
	C.1 Method for a simple network topology
	C.2 Method for all network topologies

	History

