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Continuously increasing demand for higher data rates,
larger network capacity, higher energy efficiency, and higher
mobility has motivated research within fifth-generation (5G)
communication systems modeling. 5G is generally agreed
for a set of new requirements for wireless communications
systems. These requirements will need to address several
critical performance areas including cost constraints, traf-
fic latency, reliability, security, availability, heterogeneous
structure of networks, multicast/broadcast requirements, the
requirement to serve a variety of different devices, and
reduced energy consumption. Accurate 5G indoor and out-
door channel characterization and modeling are crucial for
determining the system performance and thus for system
and for 5G network realization. Namely, 5G radio frequency
(RF) propagation is affected by various phenomena thatmore
or less deteriorate the original transmitted signal arriving
at the receiver (free-space propagation, object penetration,
reflection, scattering, diffraction, and absorption caused by
atmospheric gases, fog, and precipitation).

To generate reliable propagation models for 5G systems
and further to determine standard performance measure-
ments of 5G systems, corresponding path loss models must
be built for link budget evaluation and signal strength pre-
diction, with the inclusion of directional and beamforming
antenna arrays and cochannel interference, while temporal
dispersion caused by multipath propagation (impacting the
timing, packet and frame sizes, and other air interface design
parameters) should also be characterized. Therefore, general
statistical models could not be sufficient in order to assess

the performance of system and specific models related to
real-world reference scenarioswith fine classification of terms
will be required.

For the development of new 5G systems to operate in
millimeter bands, there is a need for accurate propagation
modeling at these bands. Exploitation of unused millimeter
wave (mmWave) band spectrum (spectrum between 6 and
300GHz) is an efficient solution for meeting the standards
for 5G networks enormous data demand growth explosion.
Measurements provided at 38GHz (Base Station-to-Mobile
Access Scenario [1] and Peer-to-Peer Scenario [2]), 60GHz
(Peer-to-Peer Scenario and Vehicular Scenario [3]), and
73GHz [4] have clearly identified the existence of non-
line-of-sight (NLOS) conditions. One of the most inten-
sively used statistical models for characterizing the complex
behavior and random nature of NLOS fading envelope is
the Nakagami-m distribution. In [5–7] for the purpose
of modeling observed 5G system propagation properties,
the Nakagami-m parameter is directly computed from the
measured data. Two most well-known procedures used for
the estimation of the Nakagami-m fading parameter, m, are
(1) maximum likelihood (ML) estimation and (2) moment-
based estimation. However, it is known that sample moments
are often subjected to the effects of outliers (even a small
portion of extreme values, outliers, can affect the Gaussian
parameters, especially the higher order moments). Moreover,
occurrence of outliers is especially problematic when higher
order sample moments are used for estimation, since esti-
mation inaccuracy arises in such cases. Providing the best
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moment-based estimator is still major issue that should be
addressed.

Because of that, there is a need for developing a novel
approach for NLOS channels parameter estimation based on
performance measurements, which will enable us to estimate
propagation parameters in real time and to avoid weaknesses
of ML and moment-method estimation approaches.

Stochastic channel models for mmWave communications
in both indoor and outdoor environments have been mostly
characterized with a Rician distribution in line-of-sight
(LOS) environments where a dominant path is present [8].
In [8] it has been shown that Ricean K-factor is ranging
over a defined set of values for observed LOS and NLOS
conditions in vertical-to-vertical (V-V) copolarized antenna
scenario and corresponding set of values for observed LOS
and NLOS conditions vertical-to-horizontal (V-H) cross-
polarized antenna scenario. However, despite the fact shown
in [8] that Rician distribution provides the best fit to the
measurement data, results of [8] imply that conventional
fading models fall short of accurate modeling of the random
fluctuations of 5G wireless channel signal. In [9] it has been
concluded that for accurate 5G systems channel modeling,
proposed models should ensure that the channel LOS and
NLOS conditions, the second-order statistics of the channel,
and the channel realizations should change smoothly in the
function of time, antenna position, and/or frequency. There-
fore a need arises for novel characterization of propagation in
LOS conditions, by observing Ricean K-factor as a random
process.

In particular, the diversity of scenarios envisaged for the
5G applications at the mmWave band will certainly lead to
a variety of propagation conditions. Currently, an enormous
variety of waveforms are considered to be potential candi-
dates for the 5G air interface. They include (i) single-carrier
frequency divisionmultiplexing (SC-FDMA), already used in
4G Long-Term Evolution (LTE) uplink, also called differently
generalized discrete Fourier transforms- (GDFTs-) orthogo-
nal frequency division multiplexing (OFDM) [10]; (ii) zero-
tail (ZT) or unique-word (UW) DFT-spread-OFDM [11,
12], ultra-wideband- (UW-) OFDM, generalized frequency
division multiplexing (GFDM) [13], and cyclic prefix- (CP-)
OFDM(already used in the 4GLTE downlink); (iii) resource-
block-filtered OFDM, filter-bank-multicarrier (FBMC), and
universal filter multicarrier (UFMC). As it can be seen,
the OFDM technique is omnipresent in the 5G waveform
proposals.TheOFDM technique shall certainly remain as the
root framework for the new 5G waveform design, with some
optimization to support the new 5G requirements [14, 15].

Therefore it is necessary to propose an efficient, simple,
and general method to generate samples for general 5G
channel and further to make use of this channel in order to
assess the bit error rate performance of an OFDM system
model.

Stochastic geometry has been a powerful technique to
evaluate system performance in conventional cellular net-
works [16], which reveals the impacts of multiple system
parameters such as base station density, transmit power, and
path loss exponent on the performance parameters such as
data rate or reliability. The key idea in [17] is to model

random obstacles (e.g., buildings) as rectangles with random
sizes and orientations whose centers form a Poisson point
process (PPP) in 2-dimensional space. However, instead of
one-hop communication between the macro cell base station
(MBS) and a single small cell base station (SBS) cluster, the
5G cellular networks may have multiple SBS clusters, which
require multihop transmissions to improve the cell coverage.
Considering the distance-dependence of the blockage effects
(i.e., the likelihood of a blockage event increases as the
distance increases) at mmWave, multihop communication
can be an effective solution to build mmWave wireless
backhaul systems. In this context, motivated by the limitation
in [18], the single-hop wireless backhaul system from [18] can
be extended to a multihop scenario with multiple SBS clus-
ters. Multiple points-to-multiple-points (MBMs-to-MBMs)
links could be also studied, instead of [18] single-point-to-
multiple-points (MBS-to-SBSs) links. Therefore, with dif-
ferent distance statistics from [18], the intercluster SBS-to-
SBS communication can benefit from higher order of spatial
diversity compared to the MBS-to-SBS communication in
[18].

From this point of view, the analysis of an optimal and
suboptimal hop count to minimize the end-to-end outage
performance between the MBS and the destination SBS
cluster for a given end-to-end distance could be of interest,
where the suboptimal hop count is based on only the per-hop
outage performance.

Interference issues will become of crucial importance due
to the coexistence of 5G devices, since a number of mmWave
devices are expected to grow extensively in the near future
[19]. In order to satisfy 5G quality-of-standard requirements
and meet user mobility, due to the higher path loss at
mmWave frequency range, multiple antenna arrays could be
used in outdoormmWave systems for providing an additional
gain [20, 21]. The increasing growth of 5G devices number
will prompt the study of array pattern nulling techniques.
The objectives of design of the antenna arrays are to achieve
a minimum side lobe level (SLL) and a narrow first null
beam width (FNBW). Methods used for the antenna array
synthesis can be classified into two categories: deterministic
and stochastic. The biggest advantages of using stochastic
methods are their ability in dealing with large number of
optimization parameters and avoiding getting stuck in local
minimum.

An interesting idea for 5G mmWave antenna array syn-
thesis could be based on genetic algorithm for the synthesis of
linear array with nonuniform interelement spacing in order
to obtain the optimal position of the elements in order to
obtain the minimum side lobe level and nulls in desired
directions.

The use of mmWave bands for next-generation wireless
systems could offer ultra-wideband spectrum availability and
increased channel capacity. All these benefits come at the
expense of potentially higher system complexity particularly
in terms of radio frequency (RF) front end and antenna
design. However, the recent advancements around mmWave
wireless systems development have produced cost-effective
solutions that can be leveraged to overcome these challenges.
60GHz frequency band has its own standardized protocol,
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that is, the Wireless Gigabit Alliance (WiGig) standard
which is equivalent to IEEE 802.11ad [22]. A promising
study would be the link budget estimation, performed based
on WiGig/IEEE 802.11ad standard-defined modulation and
coding scheme (MCS) modes and 60GHz mmWave specific
path loss and auxiliary attenuation factors. The considered
systems parameters for this link budget estimation could
be obtained from real-world hardware prototypes for next-
generation mmWave mesh backhaul networks in industry.

Although multiple-input and multiple-output (MIMO)
techniques have been widely employed in cellular and
wireless local area network systems working at sub-6GHz
[23–25], the potential realizations of MIMO technique in
mmWave band are not fully understood yet, considering
the unique multipath propagation characteristics and the
increased path loss over the lower frequency bands used in
current 3G/4Gwireless communication. Spatial multiplexing
(SM) and beamforming (BF) are the two most commonly
used approaches to realize aMIMO system.Themultiplexing
gain can be obtained by exploiting the spatial difference of
the channel response in different transmit- (Tx-) receive (Rx)
element pair. On the other hand, in the mmWave band, the
propagation loss is higher compared to the lower frequencies;
thus the high-gain antenna arrays are expected to compensate
the increased path loss. Several researches have conducted
analyses on the performance of SM and BF in the mmWave
communications. The feasibility of indoor mmWave MIMO
has been investigated by ray-tracing based channelmodeling,
by virtual antenna array based channelmeasurement [26, 27],
and also by a 2 × 2 microstrip array in an underground mine
environment [28].The performance of a hybrid transmission
combining BF and SM in mmWave communication is also
analyzed based on a ray-tracing method in both LOS and
multipath environment [29].

It could be of interest to provide the measurement-
based channel capacity comparison between SM and BF
under realistic antenna arrays, with the same Tx power, the
same array position, and the same propagation condition.
In particular, a SM system could be analyzed and divided
into 4 subarrays, each one of them consisting of 4 elements,
corresponding to a 4 × 4 MIMO system, while in the BF
system, the antenna array could be constructed by the whole
16 elements, which corresponds to a single-input and single-
output (SISO) system but with a larger array gain than that of
the SM system.

The introduction ofMIMOand receiver diversity wireless
devices provides large gains in the throughput performance.
These gains are highly dependent on the performance of the
receiving-antenna system and the receiving algorithm [30].
The devices can change the behavior of the antenna systems,
for example, by using beamforming mechanisms, and also
can adapt software algorithms to suit the environment they
are currently used in. Wireless equipment manufacturers
as well as network providers are pushing to have perfor-
mance tests of the hand-held devices. Network providers
expect to recommend the user equipment (UE) with the
best performance to their customers; manufacturers wish
to be able to compare the quality of their own UE to the
one of the competitors. These comparisons should include

the effect of the antenna systems, the analog frontends,
digital receiving algorithms, and baseband processing. One
of the methods proposed by 3GPP, yet very promising one,
is the decomposition method (DM). Over-the-air (OTA)
throughput tests of wireless MIMO devices are an important
tool for network operators and manufacturers. The UE is
placed in an anechoic chamber and a random fading process
is emulated by a base station emulator (BSE). The antenna
characteristic of the UE is taken into account by sampling the
sphere around the UE with the BSE test antenna at a large
number of positions. For low-variance throughput results,
long measurement intervals over many fading realizations
are required, leading to long and expensive measurement
periods in an anechoic chamber. Analyzing the possibilities of
speeding upOTA testing throughupgradingmethods forDM
analysis could be interesting task in performing throughput
testing of wireless MIMO devices.

Attenuation by a human body and trees and penetration
losses of material at the ITU proposed frequency bands [31],
24.25–27.5 and 37–40.5GHz, are important issues for future
5Gwireless access systems. In [31] the attenuation by a human
body and trees and penetration loss of differentmaterials with
1 GHz bandwidthweremeasuredwith a time domain channel
sounder at 26 and 39GHz, respectively. As far as we know,
there are no measurements and modeling work reported
in open literature on human blockage, attenuation by trees,
and penetration loss of different materials at 24.25–27.5 and
37–40.5GHz frequency bands. The prediction of attenuation
by a human body and trees and the penetration losses in
this work are important and necessary for future mmWave
wireless communication systems deployment. By considering
a human body as an infinite absorbing screen, two knife-edge
(KE) models were used to predict the attenuation by a person
in a frequency range from 4 to 10GHz in [32]. In addition to
regarding a human body as an absorbing screen, a cylindrical
model by uniform theory of diffraction (UTD) was also
applied to predict human body attenuation. Measurements
in [33, 34] were performed at 10GHz which showed a
strong correlation between a human body and a perfect
conducing cylinder. Previous works about penetration losses
of material in mmWave bands were focused on 28GHz
and 60GHz. In [35], signals through a hollow plasterboard
wall resulted in a penetration loss ranging between 5.4 dB
and 8.1 dB. In [36], the measured penetration losses are
2 dB, 9 dB, and 35.5 dB at 60GHz through a glass door, a
plasterboard wall withmetallic studs, and a wall with ametal-
backed blackboard, respectively. For this reason, it would
be of interest to carry out measurements of the attenuation
at 26 and 39GHz by a human body and trees as well as
penetration losses for material with a person lateral crossing
the transceiver connection line and to use KE and UTD
methods to predict its attenuation. Also it would be of interest
to measure the attenuation by willow trees at 26GHz and
then to compare with ITU-R P-833-8 model and modify the
model at 26GHz. An interesting investigation would also
be carrying out measurements of the penetration loss for
differentmaterials as well, for example, transparent glass with
different thickness, frosted glass, and wood with plastic clad.
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5G wireless communication networks are expected to
fulfill the demand for higher data rates, lower latency, and/or
massive connectivity of a growing number of users/devices
exploiting a variety of wireless applications. This envisioned
rapid increase in the use of wireless services would lead the
wireless research community to start looking at new tech-
nologies to address problems related to the RF propagation
modeling. This includes the development of models for new
concepts such asmassiveMIMOsystems to improve the spec-
tral efficiency at the link and network layers and developing
novel propagation models for characterizing communication
in particular in the upper mmWave.

Generally, we need to continue to progress in our research
for appropriate 5G radio propagation models, which can
adequately and faithfully model mmWave communication
properties much more than what has been done at the
moment. The progress reported in this Special Edition is just
a small step in achieving this goal in the future.

Mihajlo Stefanovic
Stefan R. Panic

Rausley A. A. de Souza
Juan Reig
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1. Introduction

Wireless communication channels are subject to fading, with
the received signal varying in a random manner [1, 2].
Because signal variation deteriorates the performance of
the communication systems, the correct characterization of
the phenomenon is of paramount importance. It is widely
understood that the signal oscillates on a statistical basis with
several short-term distributions adequately describing this
variation. One of such distributions, arising from the 𝛼-𝜇
fading model [3], describes the small-scale variations of the
signal in a highly diffuse scattering environment. It is a gen-
eral, flexible, and mathematically easily tractable distribution
which models the nonlinearity of the propagation medium,
given by the parameter 𝛼, as well as the multipath clustering
of the radio waves, given by the parameter 𝜇. It includes
important and widely accepted distributions such as Gamma,
Nakagami-𝑚, exponential, Weibull, one-sided Gaussian, and
Rayleigh. Specifically, for 𝛼 = 2 and 𝜇 = 𝑚, the 𝛼-𝜇model be-
comes the Nakagami-𝑚 one with 𝑚 representing the degree

of fading. For 𝜇 = 1, 𝛼-𝜇 deteriorates into Weibull. It is note-
worthy that 𝛼-𝜇, as well as Nakagami-𝑚, was initially con-
ceived to model only the signal envelope. Therefore, their
corresponding phases constitute an open matter. In several
applications, however, the characterization of the phase may
be critical, and a model for it is certainly of interest. In the
absence of the knowledge of the phase statistics, and for
simplicity, some researchers have adopted the uniform phase
distribution. However, this is a rather simplistic assumption,
since it is hard to imagine a fading signal with uniform
distributionwhose envelope approximately ranges fromHoyt
toRice,Hoyt andRice themselves having nonuniformphases.
In an attempt to fill this gap, in [4], a complex fading model
leading to Nakagami-𝑚 envelope and nonuniform phase
distribution was proposed. Such a model was then improved
in [5] to account for power, or, equivalently, clustering, imbal-
ance between in-phase and quadrature components. It is
noteworthy that the Nakagami-𝑚 complexmodel has already
been validated in practice through field measurements [6].
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The increase of the demand for wireless services has
led the systems to operate in a variety of environments.
In particular, the diversity of scenarios envisaged for the
fifth generation (5G) applications at the millimeter wave
(mmWave) bandwill certainly lead to a variety of propagation
conditions, whichmay not be characterized by simpler fading
models. The widely used distributions, such as Rayleigh [7],
Hoyt [8], Rice [9], Nakagami-𝑚 [10], and Weibull [11], will
still find their place, of course, but they are less flexible
for encompassing more sophisticated situations. One general
and rather flexible, yet simple, model such as 𝛼-𝜇 [3] may
serve this purpose. Interestingly enough, the 𝛼-𝜇 fading
distribution has shown yielding an excellent curve fitting
performance with real field data collected at ammWave band,
namely, 60GHz [12].

In [13], a very general, probably themost general, complex
short-term model, the 𝛼-𝜂-𝜅-𝜇 fading model, was proposed.
Such a model comprises as special cases a number of
important distributions, for example, 𝛼-𝜇, 𝜂-𝜇, 𝜅-𝜇, and 𝜂-𝜅 (Beckmann), already widely explored in the literature.
Hence, it is possible to specialize the 𝛼-𝜂-𝜅-𝜇 model into the
complex 𝛼-𝜇 scenario with an aim at assessing some wireless
performance metrics upon which in-phase and quadrature
distributions may impact. And this is one of the objectives
of this paper.

Currently, an enormous variety of waveforms are consid-
ered to be potential candidates for the 5G air interface. They
include (i) Single-Carrier Frequency Division Multiplexing,
also called differently cyclic prefix (CP) DFT-Spread-OFDM
(already used in 4G LTE uplink), G-DFT-s-OFDM [14]; (ii)
Zero-Tail (ZT) or Unique-Word (UW) DFT-Spread-OFDM
[15, 16], UW-OFDM,GFDM[17], CP-OFDM(already used in
the 4G LTE downlink); (iii) Resource-Block-Filtered OFDM,
Filter-Bank-Multicarrier (FBMC), and Universal Filter Mul-
ticarrier (UFMC). As can be seen, the OFDM technique
is omnipresent in the 5G waveform proposals. The OFDM
technique shall certainly remain as the root framework for the
new 5Gwaveform design, with some optimization to support
the new 5G requirements [18, 19].

This paper makes use of the complex 𝛼-𝜇 fading channel
to assess the bit error rate (BER) performance of a BPSK-
based OFDM system. In particular, it generalizes the results
of [20], in which such a performance metric was carried
out for the Nakagami-𝑚 case. The generalization approaches
two important issues concerning their impact on the system
performance: (i) the effect of the nonlinearity parameter;
(ii) the effect of the power (or, equivalently, clustering)
imbalance between in-phase and quadrature components.
The analytical results are contrasted with simulation and a
perfect agreement between them is found.

As a by-product of our main investigation, we propose
an efficient method for generating complex 𝛼-𝜇 random vari-
ables, in which clustering imbalance is found. It is noteworthy
that the proposed 𝛼-𝜇 variate generation method is simple
and can be used in several other scenarios.

The paper is organized as follows. In Section 2, we present
the complex 𝛼-𝜇 model highlighting its main statistics,
namely, the probability density function (PDF) of the enve-
lope, phase, and the joint PDF of in-phase and quadrature

components. Section 3 presents an efficient, simple, and
general method to generate 𝛼-𝜇 random variables. Section 4
details the procedure used to estimate the BER in a given
subcarrier. The results both for the simulation algorithm
and for the BER performance are shown in their respective
sections. Finally, Section 5 concludes the paper.

2. The Complex 𝛼-𝜇Model

This section introduces the complex 𝛼-𝜇model.The complex𝛼-𝜇 random variable 𝑍 is defined as

𝑍 = 𝑋 + 𝑗𝑌, (1)

where 𝑋 and 𝑌 correspond to the in-phase and quadrature
components. Define 𝑅 = |𝑍| and Θ = arg(𝑍) as the envelope
(modulus) and the phase (argument) of the complex 𝛼-𝜇
variate, respectively. The PDF 𝑓𝑅(𝑟) of the envelope 𝑅 is
known to be given by [3]

𝑓𝑅 (𝑟) = 𝛼𝜇𝜇𝑟𝛼𝜇−1𝑟𝛼𝜇Γ (𝜇) exp(−𝜇𝑟𝛼𝑟𝛼) , (2)

with 𝑟 ≥ 0, and (i) 𝛼 > 0 describes the nonlinearity of the
propagation medium; (ii) 𝜇 > 0 represents the number of
multipath clusters adding up at the receiver; (iii) 𝑟 = 𝛼√E[𝑅𝛼]
is the 𝛼-root mean value of the envelope; (iv) E[⋅] is the
expectation operator; (v) and Γ(⋅) is the Gamma function [21,
eqn. (6.1.1)]. As already mentioned, as far as the envelope
statistics are concerned, the 𝛼-𝜇 random variable includes
the Gamma (and its discrete versions Erlang and central
Chi-squared), Nakagami-𝑚 (and its discrete version Chi),
exponential,Weibull, one-sidedGaussian, andRayleigh ones.
TheWeibull distribution can be obtained from the 𝛼-𝜇 distri-
bution by setting 𝜇 = 1. From the Weibull distribution, by
setting 𝛼 = 2, the Rayleigh distribution results. Still from the
Weibull distribution, the negative exponential distribution is
obtained by setting 𝛼 = 1. The Nakagami-𝑚 distribution can
be obtained from the 𝛼-𝜇 distribution by setting 𝛼 = 2. From
the Nakagami-𝑚 distribution, by setting 𝜇 = 1, the Rayleigh
distribution results. Still from the Nakagami-𝑚 distribution,
the one-sided Gaussian distribution is obtained by setting𝜇 = 1/2.

Starting out from the 𝛼-𝜂-𝜅-𝜇 fading [13] and specializing
its parameters as 𝜅 → 0 and 𝜂 = 1, it is possible to arrive at the
corresponding𝛼-𝜇phase-envelope joint PDF. From there, the
in-phase-quadrature joint PDF can be found. On the other
hand, as detailed in [13], the nonlinearity parameter does not
affect the phase statistics, so that its phase PDF 𝑓Θ(𝜃) is that
of Nakagami-𝑚. Hence

𝑓Θ (𝜃)
= Γ (𝜇)2𝜇Γ (((1 + 𝑝) /2) 𝜇) Γ (((1 − 𝑝) /2) 𝜇) |sin (2𝜃)|𝜇−1|tan (𝜃)|𝑝𝜇 , (3)

with −𝜋 ≤ 𝜃 ≤ 𝜋 and −1 ≤ 𝑝 ≤ 1 is a power (or clustering)
imbalance parameter. This parameter is intrinsically con-
nected to the multipath clustering effect as [5] (the definition
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of the clustering imbalance parameter in this paper keeps that
used in [5] and is different from that used in [13]; of course,
one is related to the other as detailed in [13]). From [3], we
know that the 𝑘thmoment of the envelope-based𝛼-𝜇 random
variable is given by E[𝑅𝑘] = 𝑟𝑘Γ(𝜇 + 𝑘/𝛼)/(𝜇𝑘/𝛼Γ(𝜇)), which
makes us able to set

𝑟 = √ 𝜇2/𝛼Γ (𝜇)E [𝑅2]Γ (𝜇 + 2/𝛼) . (4)

Again, particularizing 𝛼-𝜂-𝜅-𝜇 fading model as required, the𝛼-𝜇 joint PDF 𝑓𝑅,Θ(𝑟, 𝜃) is then found as

𝑓𝑅,Θ (𝑟, 𝜃)
= 𝛼𝜇𝜇𝑟𝛼𝜇−1 exp (−𝜇 (𝑟𝛼/𝑟𝛼)) |sin (2𝜃)|𝜇−12𝜇𝑟𝛼𝜇Γ (((1 + 𝑝) /2) 𝜇) Γ (((1 − 𝑝) /2) 𝜇) |tan (𝜃)|𝑝𝜇 .

(5)

It can be seen from (5) that envelope and phase are indepen-
dent variates. This is coherent with the complex Nakagami-𝑚 model [4, 5] in which the independence condition arose
naturally out of the derivation of the model. As a particular
case, the following are noted: (i) 𝑝 = 0 denotes the power bal-
ance condition; (ii) 𝑝 = 1 implies that the all signal power is
concentrated in the in-phase component; (iii) 𝑝 = −1 implies
that all the signal power is concentrated in the quadrature
component.

Given 𝑓𝑅,Θ(𝑟, 𝜃), it is possible to find 𝑓𝑋,𝑌(𝑥, 𝑦) as𝑓𝑋,𝑌(𝑥, 𝑦) = |𝐽|𝑓𝑅,Θ(𝑟, 𝜃), where |𝐽| = 𝑟 is the Jacobian of
the transformation𝑋 = 𝑅 cos(Θ) and 𝑌 = 𝑅 sin(Θ). Hence

𝑓𝑋,𝑌 (𝑥, 𝑦)
= 𝛼𝜇𝜇 (𝑥2 + 𝑦2)𝜇(𝛼−2)/2 |𝑥|𝜇(1+𝑝)−1 𝑦𝜇(1−𝑝)−12𝑟𝛼𝜇Γ (((1 + 𝑝) /2) 𝜇) Γ (((1 − 𝑝) /2) 𝜇)

× exp(− �̂�𝑟𝛼 (𝑥2 + 𝑦2)𝛼/2)
(6)

with−∞ < 𝑥 < ∞ and−∞ < 𝑦 < ∞.The expression in (6) is
general and, to the best of the authors’ knowledge, new.Notice
that, in general, the in-phase and quadrature components are
not independent random variables. As a consequence, the
joint PDF of 𝑋 and 𝑌 can not be factorized as a product of
the marginal PDFs. It is found that the random variables 𝑋
and 𝑌 are independent if and only if 𝛼 = 2. In such a case

𝑓𝑋 (𝑥)𝛼=2
= ( �̂�𝑟2 )((1+𝑝)/2)𝜇 |𝑥|(1+𝑝)𝜇−1Γ (((1 + 𝑝) /2) 𝜇)exp(−𝜇𝑥2𝑟2 ) , (7)

𝑓𝑌 (𝑦)𝛼=2
= ( �̂�𝑟2 )((1−𝑝)/2)𝜇

𝑦(1−𝑝)𝜇−1Γ (((1 − 𝑝) /2) 𝜇) exp(−𝜇𝑦2𝑟2 ) . (8)

Of course, 𝑓𝑋(𝑥) and 𝑓𝑌(𝑦) given in (7) and (8) coincide,
respectively, with those of (11) and (12) of [5].

The importance of (6) will become clear in Section 4 as it
is used to compute the BER in a given subcarrier of theOFDM
system. Another important aspect to be noticed about this
joint PDF is that it does not provide the marginal PDFs of 𝑋
and𝑌 in a closed-formby integrating over𝑦or𝑥, respectively.
However, in the next section, we present an efficient method
for generating the complex 𝛼-𝜇without the knowledge of the
marginal PDFs of𝑋 and 𝑌.
3. Generating Complex 𝛼-𝜇 Samples

This section presents the method used to generate the
complex 𝛼-𝜇 random variables for arbitrary values of its
parameters. Bearing in mind that the nonlinearity parameter
does not affect the phase statistics of the 𝛼-𝜇 process, then its
phase is given by that of the Nakagami-𝑚 process. Therefore,
in order to generate 𝛼-𝜇 complex variates, one can simply
generate Nakagami-𝑚 complex variates and use the relation
between the envelopes of the two processes. Assuming that𝑍𝑁 and 𝑍 are, respectively, Nakagami-𝑚 and 𝛼-𝜇 complex
variates, then, 𝑅 = |𝑍| = |𝑍𝑁|2/𝛼 and Θ = arg(𝑍) = arg(𝑍𝑁).
Now, from (7) and (8), it can be seen that the in-phase and
quadrature components of the Nakagami-𝑚 have a Gamma
PDF with symmetry around zero. Hence, the following can
be written:

𝑍𝑁 = 𝑆𝑋√𝐺𝑋𝜇 + 𝑗𝑆𝑌√𝐺𝑌𝜇 , (9)

where 𝐺𝑋 ∼ Gamma((1 + 𝑝)𝜇/2, 𝑟2) and 𝐺𝑌 ∼ Gamma((1 −𝑝)𝜇/2, 𝑟2) are independent Gamma random variables, 𝜇
accounts for the fading parameter, and 𝑟2 = E[|𝑍𝑁|2]. The
multiplicative factors 𝑆𝑋 and 𝑆𝑌 are independent discrete
random variables assuming the values 1 and −1 with equal
probabilities. Any mathematical software tool (e.g., Mathe-
matica) that provides Gamma variate generator can be used
here. Then to create the complex 𝛼-𝜇 random variable, it
suffices to make the transformation

𝑍 = 𝑍𝑁2/𝛼 exp (𝑗 arg (𝑍𝑁)) . (10)

It should be mentioned that the fact that the marginal PDFs
for the in-phase and quadrature components of the 𝛼-𝜇
process have not been obtained in closed-form did not affect
the generation of the 𝛼-𝜇 complex samples.The PDFs closed-
form issue has been circumvented by generating complex
samples for Nakagami-𝑚 variates, whose marginal PDFs are
given in closed-form, and then applying the appropriate
transformation of variables as in (10), from which the 𝛼-𝜇
samples result.

When compared to other generation methods of com-
plex Nakagami-𝑚 variates, such as the Acceptance-Rejection
method used in [22], the proposed method here has a
dramatically better efficiency.

In order to validate this newmethod, we show some plots
comparing theoretical (solid lines) and simulated (symbols)
curves. Each curve was generated using 5 × 105 samples with𝜇 = 3, where, without loss of generality, 𝑟𝛼 = 1 was used.
Figure 1 depicts various shapes of the 𝛼-𝜇 envelope density.
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Figure 1: Empirical and theoretical 𝛼-𝜇 envelope distribution with𝜇 = 3 and irrelevant 𝑝.
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Figure 2 shows the corresponding shapes of the 𝛼-𝜇 phase
PDF, plotted in polar coordinates.

In Figures 3 and 4, the PDFs of real and imaginary parts
of the 𝛼-𝜇 distribution are plotted, respectively. In all plots,
we consider the parameter 𝜇 = 3, and we vary the parameters𝛼 and 𝑝 to verify the correctness of the proposed method to
generate the 𝛼-𝜇 complex density.We can notice the excellent
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Figure 3: Empirical and theoretical 𝑓𝑋(𝑥) distribution with 𝜇 = 3.
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Figure 4: Empirical and theoretical 𝑓𝑌(𝑦) distribution with 𝜇 = 3.
agreement between the simulation and the theoretical curves.
It is worth mentioning that the theoretical curves of real and
imaginary parts were calculated numerically, because they do
not lend themselves into closed-form expressions.

4. OFDM System under
the Complex 𝛼-𝜇 Channel

4.1. Theoretical Expression for the BER. The OFDM system
under investigation here is an idealized one, in which issues
like channel estimation by training, cyclic prefix length,
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equalization strategy, the presence of narrowband interfer-
ence, impulse noise, and transceiver impairments, and others
are overlooked. To accomplish the analysis of an OFDM
system under the complex 𝛼-𝜇 channel presented in this
paper, a framework developed in [20] is used. In a simplified
manner, the BER is computed combining three equations
[20]:

(1) The Characteristic Function:

Φℓ (𝑢, V) = E [𝑒−𝑗𝑋ℓ{𝑢 cos(2𝜋(𝑛/𝑁)ℓ)+V sin(2𝜋(𝑛/𝑁)ℓ)}
× 𝑒−𝑗𝑌ℓ{𝑢 sin(2𝜋(𝑛/𝑁)ℓ)−V cos(2𝜋(𝑛/𝑁)ℓ)}] , (11)

where (i) the subscript ℓ denotes ℓth path with ℓ =0, 1, 2, . . . , 𝐿 − 1 in which 𝐿 is the total number
of multipath rays; (ii) 𝑋ℓ and 𝑌ℓ are the real and
imaginary part of the complex 𝛼-𝜇 channel at theℓth path, respectively; (iii) 𝑁 is the total number of
subcarriers with 𝑛 = 0, 1, 2, . . . , 𝑁 − 1 being the index
of the subcarrier.

(2) The Moment Generating Function:

M (𝑧) = E [𝑒−𝑧|𝐻𝑛|2]
= 1𝜋 ∫∞

−∞
∫∞
−∞

𝑒−(𝑢2+V2)
× 𝐿−1∏
ℓ=0

Φℓ (2√𝑧𝑢, 2√𝑧V) 𝑑𝑢 𝑑V,
(12)

where 𝐻𝑛 = ∑𝐿−1ℓ=0 𝑍ℓ𝑒−𝑗2𝜋𝑛ℓ/𝑁 is the frequency-
domain channel impulse response and 𝑍ℓ, ℓ = 0, 1,2, . . . , 𝐿 − 1, are independent complex 𝛼-𝜇 random
variables given by (1) with the appropriate subscript.

(3) The BER of BPSK ((13) is slightly different from that
of [20, eqn. (24)] due to typo found there):

𝑃𝑏 = 1𝜋 ∫𝜋/2
0

M
𝐷 ( SNR2 sin2 (𝜃)) 𝑑𝜃, (13)

where𝐷 is the order of diversity of themaximumratio
combiner (MRC) and SNR is the signal-to-noise ratio.

For the 𝛼-𝜇 channel, however, (11) has to be computed
numerically as

Φℓ (𝑢, V)
= ∫∞
−∞

∫∞
−∞

𝑓𝑋ℓ,𝑌ℓ (𝑥ℓ, 𝑦ℓ) 𝑒−𝑗(𝑥ℓ𝑤𝑥ℓ+𝑦ℓ𝑤𝑦ℓ )𝑑𝑥ℓ𝑑𝑦ℓ, (14)

where 𝑓𝑋ℓ,𝑌ℓ(𝑥ℓ, 𝑦ℓ) is the joint PDF of the in-phase and
quadrature components of the channel at the ℓth path given
by (6),𝑤𝑥ℓ = {𝑢 cos(2𝜋(𝑛/𝑁)ℓ)+V sin(2𝜋(𝑛/𝑁)ℓ)}, and𝑤𝑦ℓ ={𝑢 sin(2𝜋(𝑛/𝑁)ℓ) − V cos(2𝜋(𝑛/𝑁)ℓ)}.

It is worth mentioning that (13) can be easily generalized
to other modulations schemes such as the 𝑀-PSK [1, eq.
(5.67)] and 𝑀-QAMmodulations [1, eq. (8.110)].
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Figure 5: Average BER against the fading parameter 𝜇 under 𝛼-𝜇
fading channel with SNR = 20 dB, 𝐿 = 3, and 𝑝 = 0.
4.2. Numerical Examples. This section assesses the perfor-
mance of the BPSK-based OFDM system in terms of BER
concerning the influence of the main system parameters. All
experiments depicted here consider 𝑛 = 𝑁/2, as also used
in [20], and ∑𝐿−1ℓ=0 E[𝑅2ℓ] = 1. The theoretical results are
calculated numerically using (13). Independent simulations
have been performed so as to validate the theoretical expres-
sions.MATLABwas used to implement the code according to
the models described throughout the paper. For each point
we generate at least 2 × 107 samples using the Monte Carlo
approach.

In Figure 5, the theoretical probability error of a bit (solid
lines) and the estimated through simulation bit error rate
(symbols) are plotted against the parameter 𝜇. The nonlin-
earity parameter 𝛼 varies as {1; 1.5; 2; 3; 4; 5; 6} and 𝐿 = 3 for
a fixed value of 𝑝 = 0 (balanced scenario). Note the excellent
agreement between theoretical and simulated curves showing
the usefulness and correctness of the analytical procedure. It
is worth mentioning that for 𝛼 = 2, that is, the Nakagami-𝑚 case, the result is the same as the one obtained in [20], as
expected. It is possible to conclude that the increase of the
clustering parameter 𝜇 diminishes the BER for a fixed value
of𝛼.This is an expected result, since the parameter𝜇 accounts
for the number of multipath clusters. In other words, the
higher the value of 𝜇 is, the less severe the fading is. Hence the
performance in terms of probability of error is improved. In
the same way, the increase of the parameter 𝛼 also improves
the BER performance. Of course, the higher the values of 𝛼
are, the more deterministic the channel is and, therefore, the
less vulnerable to variation the channel is.

In order to assess the impact of the phase parameter,
Figure 6 depicts the same set of curves of Figure 5 but now
with 𝑝 = 1/3, corresponding to a case in which the power
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Figure 6: Average BER against the fading parameter 𝜇 under 𝛼-𝜇
fading channel with SNR = 20 dB, 𝐿 = 3, and 𝑝 = 1/3.

(or the number of clusters) of the in-phase component is the
double as that of the quadrature component. In addition to
the conclusions already drawn from Figure 5, by comparing
the curves for the same nonlinearity parameter 𝛼, for 𝛼 > 2,
the increase in the phase parameter leads to a lower BER.
Furthermore, the performance obtained for 𝑝 = 0 (balanced)
and 𝑝 = 1/3 (imbalanced) scenarios improves as 𝛼 increases.
However, for 𝛼 ≤ 2 the performance under the variation
of the phase parameter 𝑝 is practically the same for any
value of 𝛼. This means that the power imbalance between in-
phase and quadrature components has very little effect on the
system performance in terms of BER. Moreover, the impact
of phase imbalance on the system performance is greater for
high values of 𝛼.

With the objective of clarifying even more the impact of
phase imbalance, Figure 7 depicts the same set of curves of
Figure 5 but now against the absolute value of the parameter𝑝 for fixed 𝜇 = 3. Firstly, all the previous conclusions are
corroborated by this new graph. Additionally, for 𝛼 ≤ 2
the impact of phase imbalance on the system performance
is greater for high values of |𝑝| increasing slightly the BER.
In contrast, for 𝛼 > 2, for high value of the power imbalance
between in-phase and quadrature components, the effect on
the system performance in terms of BER is higher. It is
desirable to have an intuitive explanation for such a behavior.
Unfortunately, the problem is rather intricate and nonlinear,
so further investigation is due.

In Figure 8, the BER is plotted against the SNR for fixed𝜇 = 3 and 𝐿 = 3 using the balanced (𝑝 = 0) and imbalanced
(𝑝 = 1/3) scenarios for single (𝐷 = 1) and dual (𝐷 = 2)
channel diversity reception. In this figure the influence of 𝛼
and the diversity parameter𝐷 is clearly noticed. As expected,
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Figure 7: Average BER against the phase parameter 𝑝 under 𝛼-𝜇
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Figure 8: Average BER against SNR for single and dual channel
diversity reception with 𝜇 = 3 and 𝐿 = 3 for balanced and unbal-
anced scenarios.

for higher diversity system order, the performance in terms
of probability of error is improved. The difference between
the BER of the single and dual channel diversity reception
increases at higher SNR values. Again, phase imbalance
impacts positively on the system performance, especially for
high values of SNR.
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5. Conclusions

In this paper, a model for the complex 𝛼-𝜇 channel was
presented. From such a model, the joint probability density
function of in-phase and quadrature components was found.
This was then used within an analytical framework to assess
the bit error rate performance of an OFDM system. As a by-
product of the main results, an efficient, simple, and general
complex 𝛼-𝜇 variates generator was proposed. It was found
that an increase of the value of the nonlinearity parameter
as well as of the number of clusters improves the system
performance in terms of its bit error rate. In the same way,
the imbalance of power (or clustering) between in-phase and
quadrature components also has a positive impact on such
performance.
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Mathematical modelling of the behavior of the radio propagation at mmWave bands is crucial to the development of transmission
and reception algorithms of new 5G systems. In this study we will model 5G propagation in nondeterministic line-of-sight (LOS)
conditions, when the random nature of LOS component ratio will be observed as Inverse Gamma (IG) distributed process. Closed-
form expressions will be presented for the probability density function (PDF) and cumulative distribution function (CDF) of such
random process. Further, closed-form expressions will be provided for important performance measures such as level crossing rate
(LCR) and average fade duration (AFD). Capitalizing on proposed expressions, LCR and AFD will be discussed in the function of
transmission parameters.

1. Introduction

Keeping pace with the insatiable demand of wireless data
transmission growth has resulted in occurrence of novel 5G
technologies that can offer significant increase in cellular
capacity and overcoming of the wireless spectrum shortage
[1, 2]. Consequently, research on modelling channel prop-
agation characteristics for wireless 5G networks in urban
environments atmmWave bands carrier frequencies has been
intense recently [3–6].

Stochastic channel models for mmWave communications
in both indoor and outdoor environments have been mostly
characterized with a Rician distribution in line-of-sight
(LOS) environments where a dominant path is present and
with Rayleigh distribution for NLOS environment scenarios
[7]. In [7], it has been shown that the voltage path amplitudes
are following a Rician distribution, with 𝐾-factor ranging
within defined set of values for observed (LOS) and (NLOS)
conditions in vertical-to-vertical (V-V) copolarized antenna
scenario and corresponding set of values for observed (LOS)
and (NLOS) conditions vertical-to-horizontal (V-H) cross-
polarized antenna scenario.

However, despite the fact shown in [7] that Rician distri-
bution provides the best fit to themeasurement data, results of
[7] imply that conventional fading models often fall short in
accurately modelling the random fluctuations of 5G wireless
channel signal. In [8], it has been concluded that, for accurate
5G systems channel modelling, proposed model should
ensure that the channel LOS and NLOS states, the second-
order statistics of the channel, and the channel realizations
should change smoothly in the function of time, antenna
position, and/or frequency. Ricean𝐾-factor has already been
observed as a random variable with determined PDF over the
distance in 5G communication in [9]. The Ricean 𝐾-factor,
ratio of powers dominant and scatter components, has been
already treated as log-normal random process in [10], but
for the narrow-band fixed wireless channels. In [11] it has
been shown that log-normal random process, in the math-
ematical form which is hard for analytically tracking wireless
performances, could be efficiently approximated with slowly
varying Inverse Gamma (IG) distributed random process.

In this paper we will obtain novel characterization of
propagation in LOS conditions, by observing Ricean𝐾-factor
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as InverseGamma (IG) distributed randomprocess. Standard
first-order statistical characterization for this model will be
determined; that is, probability density function (PDF) and
cumulative distribution function (CDF) of random envelope
process will be obtained in closed representation that is
convenient to handle both analytically and numerically.
Further, important second-order statistical measures as level
crossing rate (LCR) and average fade duration (AFD) will be
presented in closed form. Capitalizing on their performances
of proposed channel will be discussed in function of the
system parameters.

2. System Model

Rician distributed random process with conditional PDF,
conditioned over Ricean 𝐾-factor, which is observed as
random variable, can be expressed as [12]

𝑝𝑥|𝐾 (𝑥 | 𝐾) = 2 (1 + 𝐾) 𝑥Ω exp(−𝐾 − (1 + 𝐾) 𝑥2Ω )
⋅ 𝐼0 (2𝑥√𝐾 (𝐾 + 1)Ω ) ,

(1)

where 𝐼0(𝑥) denotes the modified Bessel function of the first
kind and zero order [12, Eq. 8.445], and Ω is defined as Ω =𝐸(𝑥2), being average signal power.

In [11, 13], it has been shown that the PDF of the Inverse
Gamma random variable can be expressed as

𝑝𝐾 (𝐾) = 𝜅𝑐𝐾𝑐−1Γ (𝑐) exp(− 𝜅𝐾) , (2)

where Γ(𝑥) is the Gamma function [12, Eq. 8.310.1], 𝑐 > 0 is
the shape parameter, and 𝜅 > 0 is scale parameter.

Now, novel random process envelope PDF can now be
obtained by averaging over IG distributed process of𝐾-factor
change as

𝑝𝑥 (𝑥) = ∫∞
0
𝑑𝐾𝑝𝑥|𝐾 (𝑥 | 𝐾) 𝑝𝐾 (𝐾) . (3)

Now after substituting (2) into (3), by performing some
mathematical transformations with respect to [12, Equation3.471.9], we obtain closed-form expression:

𝑝𝑥 (𝑥)
= ∞∑
𝑝=0

𝑝+1∑
𝑛=0

(𝑝 + 1𝑛 ) 𝑥2𝑝+1𝜅𝑐Ω𝑝+1Γ (𝑝 + 1) Γ (𝑐) 𝑝! exp(−𝑥
2

Ω )

× 2( 𝜅ΩΩ + 𝑥2 )
(𝑝−𝑛+𝑐)/2𝐾𝑝−𝑛+𝑐(2√𝜅 (Ω + 𝑥2)Ω ) ,

(4)

where 𝐾V(𝑥) denotes the modified Bessel function of the
second kind and Vth order. Infinite-series from above rapidly
converge with only 10–15 terms needed to be summed in each
sum in order to achieve accuracy at 5th significant digit.

Ω = 1
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Figure 1: PDF of process for various values of system parameters.

In Figure 1, PDF of process is shown for some combina-
tion of system parameter values.

Now, by taking into account IG modelled randomness of
LOS component, corresponding CDF could be obtained as

𝐹𝑥 (𝑥) = ∫∞
0
𝑑𝑥𝑝𝑥 (𝑥)

= ∫∞
0
𝑑𝑥∫∞
0
𝑑𝐾𝑝𝑥|𝐾 (𝑥 | 𝐾) 𝑝𝐾 (𝐾) .

(5)

After changing integration order, previous relation reduces to

𝐹𝑥 (𝑥) = ∫∞
0
𝑑𝐾 ∞∑
𝑝=0

𝐾𝑝 exp (−𝐾)Γ (𝑝 + 1) 𝑝! 𝛾 (𝑝 + 1, (1 + 𝐾) 𝑥Ω )
⋅ 𝑝𝐾 (𝐾) ,

(6)

where 𝛾(𝑎, 𝑥) stands for the incomplete Gamma function
[12, Equation 8.443]. Further, with respect to [12, Equation3.471.9], we can obtain closed-form expression:

𝐹𝑥 (𝑥) = ∞∑
𝑝=0

∞∑
𝑛=0

𝑝+𝑛+1∑
𝑠=0

(𝑝 + 𝑛 + 1𝑠 )
⋅ 𝑥𝑝+𝑛+1𝜅𝑐Ω𝑝+𝑛+1Γ (𝑝 + 𝑛 + 2) Γ (𝑐) 𝑝! exp(− 𝑥Ω)
× 2 ( 𝜅ΩΩ + 𝑥)

(𝑝+𝑠−𝑐)/2𝐾𝑝+𝑠−𝑐 (2√𝜅 (Ω + 𝑥)Ω ) .
(7)

Similarly, as in (4), infinite-series from above rapidly con-
verge with only 10–15 terms needed to be summed in each
sum in order to achieve accuracy at 5th significant digit.

The average LCR at the determined threshold 𝑥 is defined
as the rate at which the envelope ratio crosses the threshold 𝑥
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in a positive or a negative direction and is analytically defined
by [14]

𝑁𝑥 (𝑥) = ∫∞
0
�̇�𝑝 ̇𝑥𝑥 (�̇�, 𝑥) 𝑑�̇�, (8)

where joint probability density function (JPDF) of the
observed random process, 𝑥, and its derivative with respect
to time, �̇�, denoted by 𝑝 ̇𝑥𝑥(�̇�, 𝑥), can be evaluated as

𝑝 ̇𝑥𝑥 (�̇�, 𝑥) = ∫∞
0
𝑑𝐾𝑝ẋ𝑥|𝐾 (�̇�, 𝑥 | 𝐾) 𝑝𝐾 (𝐾) , (9)

with 𝑝 ̇𝑥𝑥|𝐾(�̇�, 𝑥 | 𝐾) being JPDF conditioned over random
LOS component which is IG distributed.

Conditioned JPDF of the observed random process and
its derivative with respect to time can be further presented
as

𝑝 ̇𝑥𝑥|𝐾 (�̇�, 𝑥 | 𝐾) = 𝑝 ̇𝑥|𝑥,𝐾 (�̇� | 𝑥, 𝐾) 𝑝𝑥|𝐾 (𝑥 | 𝐾) , (10)

where

𝑝 ̇𝑥|𝑥,𝐾 (�̇� | 𝑥, 𝐾) = 1√2𝜋 ̇𝜎𝑥 exp(−
̇𝑥22 ̇𝜎2𝑥)

= 1√2𝜋 (𝜋𝑓𝑑√Ω/ (𝐾 + 1))
⋅ exp(− ̇𝑥22𝜋2𝑓2

𝑑 (Ω/ (𝐾 + 1)))
(11)

since ̇𝜎2𝑥 = 𝜋2𝑓2𝑑 (Ω/(𝐾 + 1)) for Rician fading channels and𝑓𝑑 is the maximum Doppler frequency [15].
After substituting (9), (10), and (11) into (8), expression

for average LCR can be presented in the form of

𝑁𝑥 (𝑥) = ∫∞
0
�̇� 𝑑�̇� ∫∞

0
𝑑𝐾

⋅ exp (− ̇𝑥2/2𝜋2𝑓2𝑑 (Ω/ (𝐾 + 1)))√2𝜋 (𝜋𝑓𝑑√Ω/ (𝐾 + 1))
⋅ 𝑝𝑥|𝐾 (𝑥 | 𝐾) 𝑝𝐾 (𝐾)

(12)

which after changing order of integration reduces to

𝑁𝑥 (𝑥)
= ∫∞
0
𝑑𝐾(𝜋𝑓𝑑√Ω/ (𝐾 + 1))√2𝜋 𝑝𝑥|𝐾 (𝑥 | 𝐾) 𝑝𝐾 (𝐾) . (13)
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Figure 2: Normalized LCR for observed fading channel.

Now by substituting (1) and (2) into (13) with respect to [12,
Equation 3.471.9], we can obtain closed-form LCR expres-
sion as

𝑁𝑥 (𝑥)𝑓𝑑 = ∞∑
𝑝=0

𝑝+1∑
𝑛=0

(𝑝 + 12𝑛 )
⋅ 2√2√𝜋𝑥2𝑝+1𝜅𝑐Ω𝑝+1/2Γ (𝑝 + 1) Γ (𝑐) 𝑝! exp(−𝑥

2

Ω )

× ( 𝜅ΩΩ + 𝑥2 )
(𝑝−𝑛+𝑐)/2𝐾𝑝−𝑛+𝑐(2√𝜅 (Ω + 𝑥2)Ω ) .

(14)

Infinite-series from above rapidly converge with only 10–15
terms needed to be summed in each sum in order to achieve
accuracy at 5th significant digit.

3. Numerical Results

After introducing𝜌 as𝜌 = 𝑥2/Ω, LCR expression can be given
in the form of

𝑁𝜌 (𝜌)𝑓𝑑
= ∞∑
𝑝=0

𝑝+1∑
𝑛=0

(𝑝 + 12𝑛 ) 2√2√𝜋𝜌𝑝+1/2𝜅𝑐Γ (𝑝 + 1) Γ (𝑐) 𝑝! exp (−𝜌)
× ( 𝜅1 + 𝜌)

(𝑝−𝑛+𝑐)/2𝐾𝑝−𝑛+𝑐 (2√𝜅 (1 + 𝜌)) .
(15)

Figure 2 illustrates the LCR, normalized to 𝑓𝑑 in the function
of parameters 𝜅 and 𝑐. As expected, the presence of a stronger
LOS component generally causes lower LCR values, while
higher values of severity parameters 𝑐 provide smaller LCR
values.
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Figure 3: Normalized AFD for observed fading channel.

Average time during (AFD) defines time in which the
envelope ratio remains below the specified threshold 𝑥 after
crossing that level in a downward direction [14]. AFD can be
determined as

𝑇𝑥 (𝑥) = 𝐹𝑥 (𝑥)𝑁𝑥 (𝑥) . (16)

After substituting (14) and (7) into (16) AFD of observed
process can be efficiently evaluated. In Figure 3, AFD values
are presented, normalized to𝑓𝑑 in the function of parameters𝜅 and 𝑐. As expected, higher values of severity parameters 𝑐
provide smaller AFD values.

4. Conclusion

Change of Rician 𝐾-factor as random IG process in LOS
conditioned 5G wireless communications has been consid-
ered in this paper, instead of considering Rician 𝐾-factor
as a deterministic variable with constant value defined by
5G communication system properties. Rapidly converging
closed-form expressions have been derived for the PDF and
CDF of observed propagation signal. Further, based on these
expressions, LCR and AFD have been efficiently evaluated
and analyzed for observed case in the function of system
parameters.
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This paper provides practical 60GHz link budget estimation results with IEEE 802.11ad standard-defined parameters and 60GHz
specific attenuation factors. In addition, the parameters from currently developing modular antenna arrays (MAAs) are adopted
for estimating the actual link budgets of our 60GHz integrated MAA platforms. Based on the practical link budget analysis results,
we can estimate fundamental limits in terms of achievable data rates over 60GHz millimeter-wave wireless links.

1. Introduction

Among the various requirements for next-generationwireless
systems (for both cellular and access), achieving multigiga-
bit/s data rates is one of key requirements, and millimeter-
wave (mmWave) wireless technologies have beenmainly con-
sidered to achieve this goal where the considering mmWave
frequencies are 28GHz [1], 38GHz (or 39GHz) [2, 3], 60GHz
[4], and 73GHz [5] bands. The use of mmWave bands for
next-generation wireless systems could offer ultra-wideband
spectrum availability and increased channel capacity. All
these benefits come at the expense of potentially greater sys-
tem complexity particularly in terms of radio frequency (RF)
front end and antenna design, but the recent advancements
around mmWave wireless systems development have pro-
duced cost effective solutions that can be leveraged to over-
come these challenges. Among the potential candidates in
mmWave bands for future wireless systems, 60GHz fre-
quency is considered here because it is only one mmWave
band which has its own standardized protocol, that is, the
Wireless Gigabit Alliance (WiGig) standard which is equiv-
alent to IEEE 802.11ad.

In this paper, practical link budget estimation is per-
formed based on WiGig/IEEE 802.11ad standard-defined
modulation and coding scheme (MCS) modes and 60GHz
mmWave specific path-loss and auxiliary attenuation factors.

The considered systems parameters for this link budget
estimation are obtained from real-world hardware proto-
type which is now actively conducting research for next-
generation mmWave mesh backhaul networks in industry.

The remainder of this paper is organized as follows:
Section 2 introduces our real-world prototype for 60GHz
mmWave backhaul networks. Section 3 presents the details
of link budget estimation procedure. Section 4 shows link
budget estimation results and Section 5 concludes this paper.

2. 60GHz Integrated MAA Platform

Traditional antenna system architectures are generally not
capable of combiningwide-angleswith high directionality. To
achieve the necessary wide directionality, the phased antenna
arrays should consist of a large number of antenna elements.
Nowadays, the phased antenna array architectures are widely
used for mass production and intended for personal mobile
devices comprising a single module containing RF integrated
circuits (RFIC) chip that includes controlled analogue phase
shifters capable of providing several phase shifting levels.The
antenna elements are connected to the RFIC via feeding lines.
According to the loss on the feeding lines, this approach
allows implementing antenna arrays with limited dimensions
of up to 8-by-8, thus achieving gains of about 15–20 dB.
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Figure 1: High level block diagram of the proposed modular antenna array (MAA) architecture.

One of novel antenna array architectures for the 60GHz
band that provides simultaneous flexibility in form factor
choice, beam steering, and high array gain in a conceivably
more cost-efficient manner is to construct modular antenna
arrays (MAAs). As shown in Figure 1, the MAA architecture
consists of baseband part and RF part. The baseband part is
embedded in a computing platform. The data from the
computing platform will be delivered to the baseband. The
baseband part has baseband processing (which is for data
processing and also for sending the data to RFIC) and beam-
forming unit (which is for forming beams toward one dedi-
cated direction and also for setting phase shifting values for
the RF beamformers in connectedMAAmodules).The phase
shifting values for the RF beamformers in MAA modules
are transmitted through interconnection control paths from
baseband beamforming unit to MAAmodules. Each module
is implemented in a traditional way with dedicated RFIC
serving 16 (i.e., 8-by-2) MAA elements through an RF beam-
former. The RFIC receives data from baseband processing
unit and sends the information to its own RF beamformer in
order to transmit over 60GHz mmWave wireless channels.

The aperture of MAA and total transmitted power may
exceed that of an individual MAA module proportionally to
the number of the MAA modules used. Therefore, much
narrower beams may be created and, thus, much greater
antenna gains may be achieved with the MAA as opposed
to individual subarrays. It is also possible that sectors of
different subarraysmay be configured in such a way as to vary
the coverage angle of the composite array, thereby creating
several coverage angles. Each MAA module has an 8-by-2
elements where the transmit power and the transmit antenna
again are determined as 10 dBm and 15 dBi. In Figure 2,

currently developing integrated 8-module MAA prototype is
presented.

More various usage scenarios and details of the proposed
MAA architectures are presented in [6].

3. Link Budget Estimation

The link budget estimation procedure is illustrated in Fig-
ure 3. As shown in Figure 3, the transmitted signal from a
transmitter MAA (Tx-MAA) toward a receiver MAA (Rx-
MAA) over 60GHz mmWave channels will be attenuated
by path-loss, oxygen absorption, and rain effects depending
on the distance between the Tx-MAA and the Rx-MAA.
When the signal arrives at the Rx-MAA after experiencing
attenuation effects, a receiver antenna gain will be added on
top of the received signal strength. This procedure can be
formulated as follows:

𝑃RxdBm (𝑑) = EIRPdBm − PL (𝑑) − 𝑂 (𝑑) − 𝑅 (𝑑) + 𝐺RxdBi, (1)

where 𝑃RxdBm(𝑑) is a received signal strength at an Rx-MAA,
EIRPdBm is equivalent isotropically radiated power (EIRP),
the limit in USA is 43 dBm (peak) [7–9], PL(𝑑) is path-loss
depending on the separation distance between a Tx-MAA
and an Rx-MAA 𝑑,𝑂(𝑑) is oxygen attenuation depending on
the separation distance, 𝑅(𝑑) is rain attenuation depending
on the separation distance, and 𝐺RxdBi is a receive antenna gain
at an Rx-MAA, respectively.

In WiGig/IEEE 802.11ad [10], supportable MCS indices
and their corresponding data rates depending on receiver
sensitivity values are defined in Tables 21-3. The given
Tables 21-3 in WiGig/IEEE 802.11ad can be reproduced as
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Table 1: WiGig/IEEE 802.11ad MCS Index Table (regenerated from Table 21-3 in WiGig/IEEE 802.11ad [10]), assuming that (i) 5 dB
implementation loss, (ii) 10 dB noise factor (Noise Figure), and (iii) packet error rate (PER) shall be less than 1% when the payload length is
4000 bytes.

Receiver MCS index SC-based MCS Full MCS
Sensitivity (Achievable rates, unit: Mbps) (Mandatory SC) (Including optional OFDM)
−78 dBm MCS0 (27.5) MCS0 (𝑖MCS = 1) MCS0 (𝑖MCS = 1)
−68 dBm MCS1 (385) MCS1 (𝑖MCS = 2) MCS1 (𝑖MCS = 2)
−66 dBm MCS2 (770), MCS13 (693) MCS2 (𝑖MCS = 3) MCS2 (𝑖MCS = 3)
−65 dBm MCS3 (962.5) MCS3 (𝑖MCS = 4) MCS3 (𝑖MCS = 4)
−64 dBm MCS4 (1155), MCS14 (866.25), MCS25 (626) MCS4 (𝑖MCS = 5) MCS4 (𝑖MCS = 5)
−63 dBm MCS6 (1540), MCS15 (1386) MCS6 (𝑖MCS = 6) MCS6 (𝑖MCS = 6)
−62 dBm MCS5 (1251.25), MCS7 (1925), MCS16 (1732.5) MCS7 (𝑖MCS = 7) MCS7 (𝑖MCS = 7)
−61 dBm MCS8 (2310) MCS8 (𝑖MCS = 8) MCS8 (𝑖MCS = 8)
−60 dBm MCS17 (2079), MCS26 (834) — —
−59 dBm MCS9 (2502.5) MCS9 (𝑖MCS = 9) MCS9 (𝑖MCS = 9)
−58 dBm MCS18 (2772) — MCS18 (𝑖MCS = 10)
−57 dBm MCS27 (1112), MCS28 (1251), MCS29 (1668), MCS30 (2224), MCS31 (2503) — —
−56 dBm MCS19 (3465) — MCS19 (𝑖MCS = 11)
−55 dBm MCS10 (3080) MCS10 (𝑖MCS = 10) —
−54 dBm MCS11 (3850), MCS20 (4158) MCS11 (𝑖MCS = 11) MCS20 (𝑖MCS = 12)
−53 dBm MCS12 (4620), MCS21 (4504.5) MCS12 (𝑖MCS = 12) MCS12 (𝑖MCS = 13)
−51 dBm MCS22 (5197.5) — MCS22 (𝑖MCS = 14)
−49 dBm MCS23 (6237) — MCS23 (𝑖MCS = 15)
−47 dBm MCS24 (6756.75) — MCS24 (𝑖MCS = 16)

MAA8
radio

RF 
hardware

Intel
computing
platform

8-by-1 layout

Figure 2: Integrated 60GHz mmWave MAA architectures and
snapshots.

Table 1 by reordering MCS values in terms of receiver
sensitivity values. Moreover, if multiple MCS values are sup-
portable in a specific receiver sensitivity value, theMCS value
which can provide the highest achievable rate will be obvi-
ously used. Note that the reproduced Table 1 includes MCS
Table Index values denoted as 𝑖MCS. In addition, single
carrier (SC) based MCS features are mandatory (fromMCS0
to MCS12) and orthogonal frequency division multiplexing
(OFDM) based MCS features (from MCS13 to MCS24) and
low-power SC-based MCS features (from MCS25 to MCS31)
are optional in WiGig/IEEE 802.11ad [10].

If the calculated received signal strength at an Rx-MAA
by (1) is higher than the receiver sensitivity of an MCS Table
Index 𝑖MCS and lower than the receiver sensitivity of MCS
Table Index 𝑖MCS + 1, the 60GHzWiGig/IEEE 802.11ad wire-
less communication link should use MCS Table Index 𝑖MCS.
Therefore, if the distance of the wireless communication link

is getting longer, 𝑃RxdBm(𝑑) becomes lower due to attenuation
factors (i.e., path-loss, oxygen, and rain) as shown in Figure 3;
then the index of supportable MCS becomes lower as well.
This lowerMCS introducesmore robustmodulation and cod-
ing schemes; however, it also introduces lower physical data
rates. This calculation procedure is summarized in Algo-
rithm 1. In addition, the following sections include the
detailed calculation procedures of EIRP (refer to Section 3.1),
path-loss (refer to Section 3.2), mmWave specific attenuation
(refer to Section 3.3), and receiver antenna gain (refer to
Section 3.4).

3.1. EIRP. In (1), EIRPdBm can be calculated as follows:

EIRPdBm = 𝐺TxdBi + 𝑃TxdBm, (2)

where𝐺TxdBi and 𝑃TxdBm are a transmit antenna gain and a trans-
mit power at a Tx-MAA. In 1-module Tx-MAA (Tx-MAA1),
𝐺TxdBi and 𝑃TxdBm are 15 dBi and 10 dBm. In addition, 𝐺TxdBi in
8-module MAA (Tx-MAA8) and 𝑃TxdBm in Tx-MAA8 are
24 dBi and 19 dBm, respectively.

3.2. 60GHz mmWave Path-Loss Models. Two different 60
GHz path-loss models are considered in this link budget esti-
mation study: (i) LoS scenario and (ii) street canyon scenario.

The 60GHz LoS path-loss is [11, 12]

PL (𝑑) = 92.44 + 20 log
10
(𝑓) + 10𝑛 log

10
(𝑑) (3)
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Figure 3: Link budget calculation procedure.

Parameter Definition
(i) 𝑖MCS: MCS Table Index in Table 1;
(ii) 𝑖max

MCS: maximumMCS Table Index, i.e.,
𝑖max
MCS ← 12 if SC-based MCS is used and
𝑖max
MCS ← 16 if Full MCS is used;

(iii) 𝑃𝑟𝑠
𝑖MCS

: Receiver sensitivity of 𝑖MCS;
(iv)𝑀∗: Supportable MCS;
(v) 𝑅∗: Supportable data rate;

Algorithm Description
(i) 𝛼  1
(ii) Received signal strength calculation with (1) and 𝑑: 𝑃∗

if 𝑃∗ < 𝑃𝑟𝑠
1

then
(a) 𝑃∗ is too low, i.e.,𝑀∗ ← N/A and 𝑅∗ = 0Gbps
(b) 𝛼 ← 1

end
if 𝑃∗ ≥ 𝑃𝑟𝑠

𝑖
max
MCS

then
(a) 𝑃∗ is good enough for maximumMCS and rates, i.e.,
𝑀∗ ← 12 and 𝑅∗ ← 4.62Gbps in SC-based MCS; and
𝑀∗ ← 24 and 𝑅∗ ← 6.75675Gbps in Full MCS

(b) 𝛼 ← 1
end
if 𝛼 ̸= 1 then

(a) 𝑖MCS ← 2
while 𝑖MCS ≤ 𝑖max

MCS do
if 𝑃∗ < 𝑃𝑟𝑠

𝑖MCS
then

(1) 𝑘 ← 𝑖MCS − 1(2) 𝑀∗ is the MCS where 𝑖MCS ← 𝑘(3) 𝑅∗ is the rates of MCS level𝑀∗
end

(b) 𝑖MCS ← 𝑖MCS + 1
end

end

Algorithm 1: Link budget estimation when the distance between Tx-MAA and Rx-MAA is 𝑑m.

and the 60GHz street canyon (illustrated in Figure 4) path-
loss is as follows [11]:

PL (𝑑) = 82.02 + 10𝑛 log
10
( 𝑑𝑑0)
𝑑0=5
, (4)

where 𝑑 is a distance between Tx-MAA and Rx-MAA (unit:
meter);𝑓 is a carrier frequency in a GHz scale; 𝑛 is a path-loss
coefficient, where

𝑛 = {{{
2.00, in an LoS scenario [11, 12] ,
2.36, in a street canyon scenario [11] . (5)
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Table 2: Rain rates (unit: mm/h, i.e., millimeter per hour) and their
corresponding attenuation factors (unit: dB/Km, i.e., decibel per
kilometer) at 60GHz depending on rain climatic zones (especially
for ITU Regions D, P, and Q) [14].

ITU region 99.0% 99.9%
availability availability

ITU Region D 2.1mm/h 8mm/h
(Northern CA, OR,
WA) (1.2 dB/Km) (3.5 dB/Km)

ITU Region P [heavy
rain areas] 12mm/h 65mm/h

(Brazil and so on) (5 dB/Km) (21 dB/Km)
ITU Region Q [heavy
rain areas] 24mm/h 72mm/h

(Middle Africa and so
on) (9 dB/Km) (25 dB/Km)

Street
canyon
access

Figure 4: Illustration of street canyon access [11].

3.3. mmWave Specific Attenuation Factors. As explained in
[12], attenuation by atmospheric gases (i.e., oxygen attenu-
ation) and by rain must be considered in millimeter-wave
propagation.

The oxygen attenuation 𝑂(𝑑) is observed as 16 dB/Km
[13]: that is,𝑂(𝑑) = 16⋅𝑑/1000, where 𝑑 is a distance between
Tx-MAA and Rx-MAA in a meter scale.

The rain attenuation factors depend on the rain climatic
zones that are segmented and measured by the International
TelecommunicationUnion (ITU) [14]. Table 1 in [14] presents
rain rates depending on the segmented areas (from ITU
Region A to ITU Region Q). In this paper, ITU Region D

(Northern California (CA), Oregon (OR), and Washington
(WA)), ITU Region P (heavy rain areas such as Brazil), and
ITURegion Q (heavy rain areas such asMiddleAfrica) are of
interest. Table 2 presents the rain rates of ITU regions D, P,
and Q (unit: mm/h) and their corresponding rate attenua-
tion factors (unit: dB/Km) based on [15] and Figure 5.

3.4. Receiver Antenna Gain. The receiver antenna gain𝐺RxdBi is
equal to 𝐺TxdBi in Section 3.1 because equivalent MAA antenna
systems are used for both Tx-MAA and Rx-MAA.Therefore,
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Figure 5: Rain attenuation factor estimation from FCC measure-
ment results [15].

𝐺RxdBi values are 15 dBi and 24 dBi in Rx-MAA1 and Rx-MAA8,
respectively.

4. Link Budget Estimation Results

The link budget estimation performs with three different
network scenarios as illustrated in Figure 6, that is, (i)
peer-to-peer (P2P) links where each peer has MAA1 (i.e.,
MAA1-MAA1 link); (ii) AP-to-DEV (device) linkswhere each
AP and each DEV have MAA8 and MAA1 (i.e., MAA8-
MAA1 link); and (iii) backhaul links where each backhaul
base station (BS) has MAA8 (i.e., MAA8-MAA8 link). Note
that the scenario of AP-to-DEV links is equivalent with the
scenario of cellular links where a BS has MAA8 and a mobile
user has MAA1.

4.1. Link Budget Estimation. With the given three scenarios,
link budget estimation performs depending on two different
path-loss models, different ITU regional segments (no rain
case, ITU Region D, ITU Region P, and ITU Region Q),
and different availability probabilities in each regional seg-
ments (99.0% or 99.9%). After performing all possible
combinations of link budget estimation, various achievable
distances depending on various target data rates (1 Gbps,
2 Gbps, 3 Gbps, and 4Gbps for mandatory SC-based MCS;
and 1Gbps, 2Gbps, 3 Gbps, 4Gbps, 5Gbps, and 6Gbps for
fullMCS) are calculated as presented in Table 3. FromTable 3,
some remarkable facts are as follows:

(i) In an MAA1-MAA1 link, 1 Gbps rates are achievable
up tomaximum56.80m (in LoS scenario andno rain)
and minimum 36.84m (in a street canyon scenario
and ITU Region Q with 999% availability).
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Figure 6: Link budget analysis scenarios with MAA.
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Figure 7: Link budget estimation for backhaul link (MAA8-MAA8, as illustrated in Figure 6(c)) with various path-loss models and rain rates.

(ii) In an MAA8-MAA1 link, 1 Gbps rates are achievable
up to maximum 292.37m (in LoS scenario and no
rain) and minimum 140.76m (in a street canyon
scenario and ITU Region Q with 999% availability).

(iii) In an MAA8-MAA8 backhaul link, 1 Gbps rates are
achievable up tomaximum 530.97m (in LoS scenario
and no rain) and minimum 233.62m (in a street
canyon scenario and ITU Region Qwith 999% avail-
ability).

4.2. Performance Reduction due to Various Rain Attenuation
Factors. Table 4 presents the performance degradation ratio
due to various rain attenuation factors. The data in Table 4
can be calculated as follows:

𝛾 = 𝛿no-rain − 𝛿
∗

𝛿no-rain × 100, (6)

where 𝛿no-rain stands for the achievable distance (from
Table 3) when there is no rain and 𝛿∗ stands for the achievable

distance (from Table 3) for specific thresholds, regions, and
availability probabilities. By calculating 𝛾 (presented in
Table 4), we can determine howmuch rain attenuation affects
the achievable distance reduction.

As shown in Table 4, the performance degradation is
mainly observed in LoS scenario and the ITU Region Q

with 99.9% availability. The most significant performance
degradation can be observed in the MAA8-MAA8 link when
its target rate is 1 Gbps in an LoS scenario and the ITU
Region Q with 99.9% availability, that is, about 40.36%.

4.3. Case Study for Backhaul Link Budget Estimation in Heavy
Rain Areas (ITU Region Q). The presented 60GHz MAA
platform is originally designed for wireless backhaul net-
works, that is, MAA8-MAA8 link. Therefore, the link budget
estimation forMAA8-MAA8 link is performed and plotted as
shown in Figure 7. If service providers want to deploy these
MAA boxes for constructing ad hoc mesh backhaul net-
works with the threshold of 1 Gbps, the following distances
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should be maintained: that is, 530.97m (no rains), 420.70m
(ITU Region Q with 99.0% availability), and 316.68m (ITU
Region Q with 99.9% availability).

5. Conclusions and Future Work

This paper presents practical link budget estimation results
with IEEE 802.11ad standard-defined parameters and 60GHz
mmWave specific attenuation factors. In addition, the used
system parameters are obtained from the real-world pro-
totypewhich is currently developing for 60GHz wireless
backhaul networking. Based on the link budget estimation
results, achievable distances between a transmitter and a
receiver are determined depending on various thresholds of
data rates in various regions, availability probabilities, and
path-loss models.

For future research direction, the link budget estimation
withthe other mmWave frequencies can be considerable for
next-generation cellular and access systems.

Additional Points

More details about path-loss and radio propagation mea-
surements are presented in [11]. The presented MAA radio
platform in Section 2 and Figure 2 is the real-world prototype
developed by Intel Corporation and was demonstrated at
Mobile World Congress (MWC), 2015.
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For the development of new 5G systems to operate in mm bands, there is a need for accurate radio propagation modelling at these
bands. In this paper novel approach for NLOS channels parameter estimationwill be presented. Estimationwill be performed based
on LCR performance measure, which will enable us to estimate propagation parameters in real time and to avoid weaknesses of
ML and moment method estimation approaches.

1. Introduction

Exploitation of unused mm wave spectrum (spectrum
between 6 and 300GHz) is an efficient solution for meeting
the standards for 5G networks enormous data demand
growth explosion. Because of that characterization and mod-
elling of such channel propagation in urban environments is
one of most important tasks in developing novel 5G mobile
access networks. Many propagation studies, performed at
these bands, for these types of applications, consider line-
of-sight (LOS) scenarios [1–3]. However, non-line-of-sight
(NLOS) scenarios occur more often. They not only occur in
cases when transmitting and receiving antenna are separated
by obstructions and there is no clear optical path between
the antennas, but also occur in cases when there is indeed
clear optical path between the antennas, but antennas are
not aligned or boresight [4]. Various outdoor propagation
measurements conducted in urban environments have shown
that, for reasonable level of signal-to-noise ratio (SNR), that
is, higher than 5 dB, NLOS signals have stable first arriving
signal levels, even if they are weaker than stronger, later-
arriving multipath components, counter to LOS signals with
strongest first arriving component at the reception. Mea-
surements provided at 38GHz (base station-to-mobile access

scenario [5] and Peer-to-Peer Scenario [6]), 60GHz (Peer-
to-Peer Scenario and vehicular scenario [7]), and 73GHz [8]
have clearly identified existence of NLOS conditions.

One of the most intensively used statistical models for
characterizing the complex behavior and random nature
of NLOS fading envelope is the Nakagami-𝑚 distribution.
Nakagami-𝑚 fading model closely approximates data values
that are obtained by providing real-time measurements in
indoor and outdoor wireless environments and is often used
in analyzing propagation performances in 5G systems [9–
14]. In [15–17] for the purpose of modelling observed 5G
system propagation properties the Nakagami 𝑚 parameter
is directly computed from the measured data. As a general
fading distribution, Nakagami-𝑚 fading model includes in
itself other distributions and its simple family form allows
obtaining closed-form analytical results for wireless com-
munication link standard performance criterion measures.
Namely, Nakagami-𝑚 fading model can also be transformed
into Ricean fading model, by expressing 𝑚 parameter in the
function of Ricean 𝐾 factor, as 𝑚 = (1 + 𝐾)2/(1 + 2𝐾)
[18]. In that manner characterizing of the behavior of LOS
fading envelope could be also performed. The Nakagami-𝑚 fading exploits Nakagami probability density function
(PDF) for the random envelope of received signal which is
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written in the function of two parameters: scale parameter
and shape parameter, called the fading severity parameter or𝑚-parameter. Determining𝑚 is a problem in Nakagami PDF
estimation. For observed set of empirical fading signal data,
the value of distribution parameter 𝑚 should be estimated
from it, in order to use theNakagami-𝑚 distribution tomodel
a given set of values. Acquaintance of the 𝑚 parameter is
mandatory for the optimal reception of signals in Nakagami-𝑚 fading environment [19], and in such case parameter𝑚 should be determined very accurately and very fast.
Acquaintance of the 𝑚 parameter is also necessary in the
transmitter adaptation process, where its value could be feed-
back with respect to the channel information. Twomost well-
known procedures used for the estimation of the Nakagami-𝑚 fading parameter, 𝑚, are (1) maximum likelihood (ML)
estimation and (2) moment-based estimation. ML-based 𝑚
parameter estimation problem reduces to the problem of
solving some transcendental equations written in the form
of logarithmic and digamma functions. During the process
of Gamma shape parameter estimation authors of [20] have
developed most famous ML-based estimator of𝑚 parameter.
Recently, another two approximate ML-based estimators
have been proposed in [21], where estimation is carried out
by observing approximations of digamma function, that is,
first-order approximation and second-order approximation.
Opposite approach to the ML estimation of 𝑚 parameter
is the moment-based estimation. Observing the second and
the fourth Nakagami-𝑚 sample moments, estimation of
parameter 𝑚 was carried out in [22]. An improvement of
proposed method can be found in [23] where parameter𝑚 estimation is carried on capitalizing on the first and the
third sample moments. Group of new moment estimators
formbased on noninteger samplemoments (estimators based
on integer sample moment are their special cases), along
with simulation study, was proposed in [24]. The generalized
method of moments (GMM) is introduced for the estimation
of the Nakagami-𝑚 fading parameter in [25]. However, it
is known that sample moments are often subjected to the
effects of outliers (even a small portion of extreme values,
outliers, can affect the Gaussian parameters, especially the
higher order moments). Moreover, occurrence of outliers is
especially problematic when higher order sample moments
are used for estimation, since estimation inaccuracy arises in
such cases. Providing the bestmoment-based estimator is still
major issue that should be addressed. Specifically, the level
crossing rate (LCR), which provides us with a measure of the
average number of crossings per second atwhich the envelope
crosses a specified signal level in positive or negative direc-
tion, is an important second-order statistical quantity that
characterizes the rate of occurrence of fade [18]. However,
analytical solution for the LCR often depends mainly on the
envelope distribution of the considered process.

2. Estimation Methods

2.1. Estimation for Known Power Parameter Ω. Various
power estimation techniques have been implemented over
years with some advantages and disadvantages. Accurate
estimation of the average power of received fading signal is

crucial for many reasons. Namely, power control and hand-
off decisions in wireless communications aremainly based on
the accurate estimation of the average signal power. Wireless
communication link quality is also indicated through some
system criterion measures, such as channel access, hand-off,
and power control, that can be determined mainly based on
the local mean signal levels. For example, the fading signal
power could be estimated by using (38) from [26] without
requiring any other parameter to be estimated.

Let 𝑧 denote the random envelope of received Nakagami-𝑚 faded signal, and let �̇� denote first derivative of 𝑧 with
respect to time. The joined probability density function
(JPDF) of 𝑧 and �̇� is then denoted with 𝑝𝑧�̇�(𝑧�̇�). The level
crossing rate (LCR) at the envelope 𝑧 is defined as the rate at
which a fading signal envelope crosses level 𝑧 in a positive or
a negative direction and is analytically expressed by formula
[18]:

𝑁𝑧 (𝑧) = ∫∞
0

�̇�𝑝�̇�𝑧 (�̇�, 𝑧) 𝑑�̇�. (1)

JPDF can be expressed through the PDF of Nakagami-𝑚 faded signal envelope, 𝑝𝑧(𝑧), and conditioned PDF of
envelope time derivative, 𝑝�̇�|𝑧(�̇� | 𝑧), as 𝑝�̇�𝑧(�̇�, 𝑧) = 𝑝�̇�|𝑧(�̇� |𝑧) × 𝑝𝑧(𝑧). PDF expression for Nakagami-𝑚 faded signal
envelope, written in terms of two fading parameters, 𝑚 andΩ, is given with

𝑝𝑧 (𝑧) = 2𝑚𝑚𝑧2𝑚−1Ω𝑚Γ (𝑚) exp(−𝑚𝑧
2

Ω) , (2)

where Γ(𝑎) denotes the Gamma function [27]. Common
explanation of parameters𝑚 and Ω is that Ω defines average
power of faded signal; that is, Ω = 𝐸(𝑧2), while parameter𝑚 describes severity of fading process. As seen from [18]
envelope time derivative, 𝑝�̇�|𝑧(�̇� | 𝑧), is zero-mean Gaussian
random process, defined with

𝑝�̇�|𝑧 (�̇� | 𝑧) = 1√2𝜋𝜎�̇� exp(−
�̇�22𝜎2
�̇�

) (3)

and variance of 𝜎2�̇� = 𝜋2𝑓2𝑚Ω/𝑚. Here 𝑓𝑚 is denoted by
maximal Doppler shift frequency.

After substituting (2) and (3) into (1), LCR expression can
be presented as

𝑁𝑧 (𝑧) = 𝑚𝑚−1/2√2𝜋𝑓𝑚Ω𝑚−1/2Γ (𝑚) 𝑧2𝑚−1 exp(−𝑚𝑧
2

Ω) . (4)

In order to determine value of parameter 𝑚 as a function of
received signal level and the number of times at which level is
crossed, for known value of Ω, we only need to observe two
signal levels, that is, 𝑧1 and 𝑧2 and rates at which Nakagami-𝑚 faded signal envelope has crossed those two levels, that is,𝑁𝑧1 and𝑁𝑧2 that can be determined as

𝑁𝑧1 = 𝑚
𝑚−1/2√2𝜋𝑓𝑚Ω𝑚−1/2Γ (𝑚) 𝑧2𝑚−11 exp(−𝑚𝑧21Ω) ,

𝑁𝑧2 = 𝑚
𝑚−1/2√2𝜋𝑓𝑚Ω𝑚−1/2Γ (𝑚) 𝑧2𝑚−12 exp(−𝑚𝑧22Ω) .

(5)



International Journal of Antennas and Propagation 3

Table 1: Comparison between parameter 𝑚 value obtained by Matlab simulation over 𝑁 = 100000 samples of Nakagami-𝑚 vector 𝑧 and
value of𝑚 parameter estimated by using (6) from this letter (𝑧1 = mean(𝑧), 𝑧2 = mean(𝑧) − var(𝑧), and Ω = 𝐸(𝑧2)).
𝑚 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
𝑚estimated 1.071 1.2403 1.506 1.7507 2.009 2.2509 2.518 2.7712 3.0121

Table 2: Comparison between parameter 𝑚 value obtained by Matlab simulation over 𝑁 = 1000000 samples of Nakagami-𝑚 vector 𝑧 and
value of𝑚 parameter estimated by using (6) from this letter (𝑧1 = mean(𝑧), 𝑧2 = mean(𝑧) − var(𝑧), and Ω = 𝐸(𝑧2)).
𝑚 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
𝑚estimated 1.038 1.2462 1.5042 1.7503 2.003 2.2509 2.512 2.7683 3.0117

Now, from (5) parameter𝑚 could be expressed in terms of 𝑧1,𝑧2,𝑁𝑧1 , and𝑁𝑧2 as

𝑚 = ln (𝑁𝑧1/𝑁𝑧2) + ln (𝑧1/𝑧2)2 ln (𝑧1/𝑧2) + (𝑧22 − 𝑧21) /Ω. (6)

2.2. Real Time Parameter 𝑚 Estimation for Unknown Ω. In
order to determine value of parameter 𝑚 as a function of
received signal level and the number of times at which level
is crossed, for known value of Ω, we now need to observe
three signal levels, that is, 𝑧1, 𝑧2, and 𝑧3 and rates at which
Nakagami-𝑚 faded signal envelope has crossed those three
levels, that is, 𝑁𝑧1 , 𝑁𝑧2 , and 𝑁𝑧3 . For envelope level 𝑧3, LCR𝑁𝑧3 can be expressed as follows:

𝑁𝑧3 = 𝑚
𝑚−1/2√2𝜋𝑓𝑚Ω𝑚−1/2Γ (𝑚) 𝑧2𝑚−13 exp(−𝑚𝑧23Ω) . (7)

Now, in similar manner parameter 𝑚 could be expressed in
terms of 𝑧1, 𝑧2, 𝑧3,𝑁𝑧1 ,𝑁𝑧2 , and𝑁𝑧3 as

𝑚 = 12 (1

+ (𝑧22 − 𝑧21) ln (𝑁𝑧1/𝑁𝑧3) − (𝑧23 − 𝑧21) ln (𝑁𝑧1/𝑁𝑧2)(𝑧22 − 𝑧21) ln (𝑧1/𝑧3) − (𝑧23 − 𝑧21) ln (𝑧1/𝑧2) )
(8)

while now

Ω = 𝑚(𝑧21 − 𝑧22)
ln (𝑁𝑧2/𝑁𝑧1) + (2𝑚 − 1) ln (𝑧1/𝑧2) . (9)

3. Numerical Results

In Table 1 comparison between parameter 𝑚 value obtained
byMatlab simulation over𝑁 = 100000 samples ofNakagami-𝑚 vector 𝑧 and value of 𝑚 parameter estimated by using (6)
from this paper has been shown. Nakagami-𝑚 random enve-
lope vector 𝑧 was obtained from Gaussian random processes
by using its property that 𝑧 = √∑𝑚𝑖=1(𝑋2𝑖 + 𝑌2𝑖 ), where 𝑋𝑖
and 𝑌𝑖 are zero-mean normally distributed Gaussian random
processes,𝑁(0, 𝜎2) [18]. LCR levels 𝑧1 and 𝑧2 can be selected
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Figure 1: Absolute error of parameter estimation.

in a way that 𝑧1 is level with highest number of crosses, while
level 𝑧2 is selected in the near environment of 𝑧1. Since it
is known that envelope level 𝑧1 for which 𝑁𝑧1 has maximal
value is probably the one for each stand 𝑧1 = mean(𝑧),
level 𝑧1 can be selected in that way, while 𝑧2 level can be
selected in the manner that 𝑧2 = mean(𝑧) − var(𝑧). We
will observe 𝑚 parameter values in the range of 𝑚 ∈ [1, 3],
since in [15] it has been shown that values from this range
of 𝑚 parameter correspond to the case of measurements
performed at 60GHz over NLOS channel conditions, when
the user was mobile in a range of different indoor and
outdoor small cell scenarios. After generating Nakagami-𝑚
fading processes, characterized with𝑚 ∈ [1, 3], and defining
LCR levels for each as explained, by using proposed method
based on number of level crosses, we have obtained𝑚estimated
for each of the generated process. As it can be seen from
Table 1, shown results provide very goodmatch and proposed
method has good accuracy. In Table 2 comparison between
parameter 𝑚 value obtained by Matlab simulation over 𝑁 =1000000 samples of Nakagami-𝑚 vector 𝑧 and value of 𝑚
parameter estimated using (6) from this paper has been
shown. Absolute error obtained for 𝑚 parameter estimation
for both cases has been presented in Figure 1.

By using proposedmethodNakagami𝑚parameter can be
efficiently determined from various measurement, provided
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for 5G channel characterization, as ones in [15–17], instead
of parameter𝑚 computation by using moment-based model
or the ML estimation. By using proposed method when
expressing 𝑚 parameter in the function of Ricean 𝐾 factor,
as𝑚 = (1 +𝐾)2/(1 + 2𝐾), characterization of the behavior of
LOS fading scenarios could be also performed.

4. Conclusion

Novel approach for Nakagami𝑚 parameter estimation based
on LCR has been proposed in this paper. It has been shown
that the proposed method not only avoids weaknesses of
ML and moment method estimation approaches, but also
is quite accurate, simple for realization, and can be used in
real time. This interesting approach could also be used for
fading parameters estimation of various NLOS channels in
real time by using channel emulators for short, subwavelength
distances in 5G multielement antenna realizations.
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Over-the-air (OTA) throughput tests of wireless Multiple-Input Multiple-Output (MIMO) devices are an important tool for
network operators and manufacturers. The user equipment (UE) is placed in an anechoic chamber and a random fading process is
emulated by a base-station emulator (BSE).The antenna characteristic of theUE is taken into account by sampling the sphere around
the UE with the BSE test antenna at a large number of positions. For low-variance throughput results, long measurement intervals
over many fading realizations are required, leading to long and expensive measurement periods in an anechoic chamber. To speed
up the OTA test, we analyze the Decomposition Method (DM). The DM splits the throughput measurement into two parts: (1) a
receiver algorithm performance tests taking the fading process into account and (2) an antenna performance test without fading
process emulation. Both results are combined into a single throughput estimate.The DM allows for a measurement time reduction
of more than one order of magnitude. We provide an analytic and numerical analysis as well as measurements. Our detailed results
show the validity of the DM in all practical settings.

1. Introduction

With the introduction of MIMO and receiver diversity
fourth- and fifth-generation (4G, 5G) wireless devices allow
for large gains in throughput performance. These gains are
highly dependent on the performance of the receive-antenna
system [1] and the receiving algorithm [2] and the propaga-
tion environment [2]. The devices can change the behavior
of the antenna systems, for example, by using beamforming
mechanisms [3]. They also can adapt software algorithms to
suit the environment they are currently used in.

Wireless equipment manufacturers as well as network
providers are pushing to have performance tests of the devices
available at hand. Network providers want to recommend
the user equipment (UE) with the best performance to
their customers; manufacturers want to be able to compare
the quality of their own UE to the one of the competitor.
These comparisons should include the antenna systems, the

analog frontends, digital receiving algorithms, and baseband
processing.

One of themethods proposed by 3GPP, yet a very promis-
ing one—the DecompositionMethod (DM)—will be investi-
gated further in this paper. The authors’ scientific contribu-
tions described in this paper are as follows:

(i) Analytical and numerical validation of the DM
(ii) Validation of the method by measurement
(iii) Detailed analysis of error sources and error bounds

Several other methods exist for performance testing of
MIMO enabled UE [3–22]. A good overview is provided in
[23]. Nevertheless, this paper focuses only on the DM, believ-
ing that this method can provide good and reliable results
with limited effort, knowing there are limits of the method.
Still, all other existing test methods also have strong sides
and weaknesses too. These other performance test methods
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Figure 1: Splitting up the ideal “real world” scenario into two parts: a conducted and a radiated test setup for the downlink case of a 2 × 2
MIMO system [24].

will not be treated in this paper. The main advantage of the
DM is that it delivers good and reliable results with limited
measurement device effort and that the calibration effort of
the setup is limited too.

2. Accelerated Testing of the UE by
Employing the Decomposition Method

In a perfect test scenario, the performance of certain UE
will be tested almost like it would be in the real world. The
antenna performance and the algorithmic performance of the
UE will be tested together in a single step (Figure 1, “real
world”).The influence of the fading channel and the antennas
performance are tested in one step. The test antennas have
to be placed in many points to cover the whole test sphere
(Figures 2 and 5(a)).

In every single point the test antennas are placed, the
performance of the entire UE is tested. To get representative
figures of merit of the UE performance on the propagation
channel, lots of different channel realizations need to be
examined. This results in a long measurement time, which is
a big disadvantage in nowadays labs.

To accelerate the tests, the idea is to measure the
time-consuming algorithmic performance tests only once
(Figure 1, “conducted”). The antenna performance tests still
have to be done in many positions, but if there is no fading
channel, the wireless channel is static (Figure 1, “radiated”;

1
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Base station
emulator

w/o
fading

Data streams
1, 2

antennas

UE
antennas

Θ-direction

Φ-direction

P. . . center of UE

Figure 2: Measurement setup employing Two-Channel Method for
the static radiated tests of the DM; BSE without channel emulator
[25].

Figure 2) and the measurements can be done very fast, as no
stochastic channel behavior has to be examined.

Later on the results of the antenna performance tests
(“radiated” measurements) and the algorithmic performance
tests (“conducted” measurements) are combined in a way that
they are almost congruent with the “perfect” test method
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(“real world” scenario), which tests all in one step. Later
on the results will be combined to one single figure of
merit.

This two-step approach is called Decomposition Method
(DM), as it decomposes a single measurement into different
single steps. The DM [24, 29] maps the “real world” test sce-
nario (Figure 1) in a conducted and a radiated setup.The “real
world” scenario is represented by the base station, its antenna
system, thewireless propagation channel, and theUE antenna
system. This scenario is split into two different measurement
setups, which speeds up the measurement by my more than
an order of magnitude. Both measurement results are used as
a basis for calculating the throughput versus downlink power
of the UE. The radiated measurements require an anechoic
chamber with two moveable test antennas (Figures 2 and
5(a)).

2.1. Radiated and Conducted Setup. The conducted setup
(Figure 1, “conducted”) consists of the Base-Station Emulator
(BSE) connected to channel emulator, which is linked to the
UE by wired connections. The conducted setup is employed
for two measurements:

(i) Using a fading channel (“channel” measurement): the
channel emulator emulates the wireless propagation
channel. It alters the signals transmitted by the BSE in
a way a physical wireless propagation channel would
do it, including multipath propagation (frequency
dependent channels) and Doppler effects.

(ii) Using an identity matrix as channel matrix—with
no fading applied (“baseline” measurement): this
measurement can be seen as if the UE would directly
be connected to the BSE by wires. The results of
the “baseline” measurement will deliver the lowest
possible downlink power values for a certain data
throughput rate.

These two measurements employing the conducted setup
can be done in normal laboratory environment and do not
require an anechoic chamber.

The radiated setup (Figure 1, “radiated”) employs the
Two-Channel Method for the radiated over-the-air (OTA)
tests [26]. It employs an anechoic chamber with two test
antennas that are positionable in a Θ-plane and a turntable
for UE placement that is turnable in theΦ-plane, as depicted
in Figure 2. The UE is placed in the center of the anechoic
chamber (quiet zone). The test antennas always have a
constant distance to theUE and they are fedwith signals from
the BSE.

The radiated setup is static and does not contain any
fading, and it is used for antenna performance tests. The two
test antennas generate the EM field impinging on the UE for
the radiated tests.The polarization of the test antennas can be
switched independently between vertical (Θ) and horizontal
(Φ) polarization. The “radiated” measurement is done with
the radiated setup.

The name Two-Channel Method originates from the two
downlink channels towards the UE enabled by the two test
antennas (Figure 2).
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Figure 3: The split measurements: “baseline” and “channel” mea-
surement have to be executed with the conducted setup, while
“radiated” measurements employ the radiated setup.

2.2. The Split of the Measurements. The DM requires three
performance test results of theUE: two using the “conducted”
and one employing the “radiated” setup, as depicted in
Figure 3:

(1) “Baseline” measurement: conducted measurement
without fading: the user equipment is connected to
the base-station emulator by two coaxial cables, the
channel matrix Hch = I. The UE exhibits the best
performance, it is only limited by the intrinsic UE
noise. The result of the “baseline” measurement is the
downlink power 𝑃bl(𝑦) required for a certain relative
throughput 𝑦; see Figure 4.

(2) “Channel” measurement: conducted measurement
including fading: the signal is dynamically faded;
Doppler shifts and spreads are applied. The ability of
the device to cope with these circumstances without
theUE antenna system influence is tested.Thedevices
performance will be degraded in comparison to the
“baseline” test, resulting in higher needed downlink
power for a certain throughput.
The conducted faded result is 𝑃ch(𝑦), where the
subscript ch reflects the “channel” measurement
(Figure 4).

(3) “Antenna” measurement: radiated measurement
without fading: the Two-ChannelMethod [26] is used
to check the performance of the device antennas
(including the receiving algorithms without its fading
behavior). The radiated coupling between the test
antennas and the UE is exhibited in Figure 5(a).
The user has to choose a proper set of test antennas
and UE positions, so-called constellations. These
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constellations also include the test antenna polar-
ization instances, which are used during the meas-
urements [30].
The result of the measurement is 𝑃ant(𝑦), where the
subscript ant reflects the “antenna” measurement
(Figure 4).

2.3. Combining the DM Results to One Figure of Merit. To
get a single figure of merit, the results gathered using the
DM (“baseline” result, “channel” result, and “antenna” result)
have to be combined: measurement results of the DM and
how to combine them [24] are shown graphically in Figure 4.
Equation (2) explains itself by graphical summation and
subtraction of the results:

10 log𝑃dc (𝑦) = 10 [(log𝑃ant (𝑦) − log𝑃bl (𝑦))
+ (log𝑃ch (𝑦) − log𝑃bl (𝑦)) + log𝑃bl (𝑦)] (1)

which leads to

10 log𝑃dc (𝑦) = 10 log𝑃ant (𝑦) + 10 log𝑃ch (𝑦)
− 10 log𝑃bl (𝑦) . (2)

In a linear domain, the result 𝑃dc(𝑦) is computed by

𝑃dc (𝑦) = 𝑃ant (𝑦) 𝑃ch (𝑦)𝑃bl (𝑦) . (3)

The DM result 𝑃dc(𝑦) is ideally the same as the “real world”
scenario result 𝑃oa(𝑦) with the deviation 𝑑 being as small as
possible:

10 log (𝑑) = 10 log (𝑃dc (𝑦)) − 10 log (𝑃oa (𝑦)) . (4)

2.4. OTA Measurement Time Reduction Using the DM. The
“overall” scenario (Figure 1, “real world”) with testing fading
and radiated performance at once is the ideal setup for mea-
suring the UE, delivering exact results. Using the “overall”
setup for a measurement of 𝑁 = 128 constellations takes
the time 𝑡overall. Measuring the UE’s behavior on the channel
with block fading takes the time 𝑡bf_ch, whether radiated for a
single constellation or conducted. For the results of the static
radiated “antenna” results, it takes the time 𝑡ant,st. An example
with reasonable time values from practical measurements is
given:

𝑡overall = 𝑁 × 𝑡bf_ch = 128 × 20 sec = 2560 sec. (5)

In comparison, if the measurements are split into conducted
and radiated tests, the complete test time needed is 𝑡dc:

𝑡dc = 1 × 𝑡bf_ch + 𝑁 × 𝑡ant,st
= 1 × 20 sec + 128 × 0.4 sec = 71.2 sec
𝑎 = 2560 sec71.2 sec ≈ 36.

(6)

This is an acceleration of the measurements of a factor𝑎 ≈ 36!Therefore measuring the “overall” setup is imprac-
tical, and the DM with its splitted measurements shows
its strengths. The author uses the “overall” results only for
comparison to the DM results.

In the test, data payload is organized in subframes, for
example, for the mobile communication standard LTE. The
times 𝑡dc and 𝑡overall were measured with a data payload
of 400 subframes for the static measurements and 20000
subframes for the faded measurements per measurement or
constellation.

If the fading measurements require more subframes, the
acceleration rate is even bigger than 36.This acceleration also
reduces the anechoic chamber occupancy. The high side of
the DM is that faded measurements have to be done only
once, resulting in the mentioned acceleration of test speed.

3. Signal Model

The validation of the DM is the goal of this paper.We validate
the hypothesis that radiated fadingmeasurements can be split
into conducted and radiated measurements and combined
afterwards into a single figure of merit. The complete trans-
mission chain is depicted in Figure 6. We can express the
received signal vector for a single flat-fading subcarrier as

y = C (HantH𝛽HchH𝛼s + n) , (7)

where s contains the encoded random transmit symbols,
n ∼ CN{0, 𝜎𝑁I} denotes additive white symmetric complex
Gaussian noise, and Hant is the antenna matrix, describing
the angle dependent complex antenna gain.We assume linear
processing employing whether ICD/ZF (inverse channel
detector/zero forcing) detector with C = HP or Minimum
Mean Square Error (MMSE) detector at the receiver side with
C = (HHH+𝜎2𝑁I)−1HH, where P is the pseudoinverse andH is
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theHermitian transpose. A general channelmatrix is denoted
by

H = H𝛽HchH𝛼 (8)

and 𝜎2𝑁 is the noise power density. The symbol estimates are
demapped and decoded to the RX data stream, as depicted
in Figure 6. For uncorrelated channels H𝛼 = H𝛽 = I and
H = Hch.

3.1. Matrix Models for the Transmission Channels. In general,
transmission channels with frequency flat fading have been
applied. This results in 2 × 2 channel matrices, where each
channel element ℎ𝑖𝑗 simply represents the complex transmis-
sion gain. The authors employ an identity matrix as channel
matrix for the “baseline” result

Hch = I. (9)

All channel power gains are average channel power gains.The
channel power gain is represented by the expectation value of

the squared Frobenius norm of the channel matrix, which is
denoted by ‖ ⋅ ‖2𝐹 [31]

E {Hch
2𝐹} = E

{{{
2∑
𝑖=1

2∑
𝑗=1

ℎch,𝑖,𝑗2}}}
= 2∑
𝑖=1

2∑
𝑗=1

E {ℎch,𝑖,𝑗2} .
(10)

The average power gain of the identity matrix is

E
{{{
[
1 0
0 1]


2

𝐹

}}}
= [

1 0
0 1]


2

𝐹

= 2. (11)

The average power gain of the Rayleigh fading channel has
to be smaller than 2, which reflects the fact that the passive
transmission channel has less power gain than the identity
channel matrix. The identity channel matrix is physically
represented by a wired connection between BSE and UE.
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Table 1: Antenna matrices with different coupling and condition number.

Hant 𝜅log/dB Coupling between signal paths

[
[
1 0
0 1
]
]

0 No coupling

0.8874[
[

1 0.51949
0.51949 1

]
]

10 Light coupling

0.71414[
[

1 0.9802
0.9802 1

]
]

40 Strong coupling

The authors set the average power gain of the Rayleigh
fading channel to ]:

E {Hch
2𝐹} = ], (12)

where the condition ] < 2 has to be fulfilled. The authors
choose ] = 0.4096 arbitrarily, where arbitrary numbers do
not necessarily need to be round numbers.

The condition of ] < 2 gives credit to the fact that a trans-
mission over a general channel matrix Hch has less energy
than a transmission over coaxial cables, represented byHch =
I. The second moment for a complex Gaussian distribution
[32] is

Σ2 = ℎch,𝑖,𝑗2 = 2𝜎2, (13)

where 𝜎 is the standard deviation of the complex Gaussian
distributed channel parameters ℎch,𝑖,𝑗 and the expectation
value of the squared Frobenius norm ofHch is

E {Hch
2𝐹} =

2∑
𝑖=1

2∑
𝑗=1

E {ℎch,𝑖,𝑗2} =
2∑
𝑖=1

2∑
𝑗=1

2𝜎2𝐴2

= 𝑁TX𝑁RX2𝜎2 = ],
(14)

where 𝑁TX is the number of transmit antennas and 𝑁RX is
the number of receive antennas. With the standard deviation𝜎 = 1, the introduced scaling factor is

𝐴 = √ ]2𝜎2 = √0.40962 = 0.2263. (15)

All simulations in this paper employHch including the scaling
factor 𝐴 = 0.2263 and a complex Gaussian distributed
channel with 𝜎 = 1.
3.1.1. Kronecker Channel Model. The general correlation
matrix of a MIMO channel is defined as

R = E {vec (Hch) vec (Hch)H} , (16)

where vec (H) stacks the matrix elements in a vector. In
this work we use the simplified correlation based Kronecker
channel model [33, 34]

R = R𝛼 ⊗ R𝛽, (17)

where the receiver and transmitter correlationmatrix [34] are
denoted by

R𝛼 = [1 𝛼𝛼 1] , (18)

R𝛽 = [1 𝛽𝛽 1] , (19)

respectively. The off-diagonal elements 𝛼 and 𝛽 define the
cross coupling. We use the following parameterization of 𝛼
and 𝛽 as proposed in [33, 35]:

(i) Uncorrelated: 𝛼 = 0 and 𝛽 = 0.
(ii) Medium correlation: 𝛼 = 0.3 and 𝛽 = 0.9.
(iii) High correlation: 𝛼 = 0.9 and 𝛽 = 0.9.

Random correlated channel realizations are computed
according to

Hch = R1/2𝛽 HwR
1/2
𝛼 , (20)

where Hw denotes a MIMO matrix with independent
and identically distributed (i.i.d.) complex Gaussian entries
CN{0, 1} with zero mean and variance one.

3.1.2. AntennaMatrices. We assume no coupling between the
base-station antennas.TheDUT antenna coupling is denoted
byHant. It is calculated using the complex𝐸-field pattern [26]:
Hant (Ω1, Ω2, 𝑝, 𝑞) = [𝐸𝑝1 (Ω1) 𝐸𝑞1 (Ω2)𝐸𝑝2 (Ω1) 𝐸𝑞2 (Ω2)] ,

{𝑝, 𝑞 ∈ Θ,Φ} ,
(21)

where 𝐸 denotes the complex 𝐸-field pattern of the receiving
antenna 1 or 2. We denote the polarization instances of the
test antennas with {𝑝, 𝑞}. These polarization instances {𝑝, 𝑞}
can be inΦ- or in the Θ-plane.

Matrix Hant is shown in Table 1 for three exemplary
antennas with different condition numbers 𝜅log, namely, for
fully decoupled antennas (𝜅 = 0 dB) to strongly coupled
antennas (𝜅 = 40 dB).The antenna matrixHant is normalized
to a squared Frobenius Norm (SQFN) of 2:

Hant
2𝐹 =

2∑
𝑖=1

2∑
𝑗=1

ℎant,𝑖𝑗2 = 2, (22)
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Figure 7: LTE signal processing block diagram for transmit diversity and spatial multiplexing (MIMO) [27] in the transmitter.

which corresponds to the power gain of an identity matrix,
shown in (11). The reason is that results can be compared
easily, if the power gain is the same for all Hant. The antenna
condition number in linear terms

𝜅lin = 𝜎max𝜎min
(23)

is the ratio of the largest to the smallest eigenvalue of the
antenna matrixHant(Ω1, Ω2, 𝑝, 𝑞) (23).

The bigger 𝜅lin is, the worse the matrix conditioning is.
For visualization purposes the authors define

𝜅log = 20 log10 (𝜅lin) . (24)

The identity antenna matrix corresponds to fully decoupled
antennas, with 𝜅log = 0 dB. Increasing coupling between the
antennas provide antenna matrices with higher condition
numbers.

3.2. LTE as a Showcase for MIMO Enabled Communication
Standards. The wireless mobile communication standard
Long Term Evolution (LTE) is a common use case for the
application of the DM. Therefore main elements of the
standard are used for the numerical validation.

3.2.1. Modeling of the Physical (PHY) Layer for Down-
link/Transmitter Side. Figure 7 shows a block diagram of LTE
transmitter [27]. User payload is segmented into blocks; then
channel coding with rate matching is applied. LTE employs
turbo coding for channel coding, and code blocks are con-
catenated to create codewords. The user data is scrambled,
which is an operation where the user data is convolved
with a pseudo random sequence resulting in the scrambled
bit stream. In the modulation mapper the bit stream is
mapped to a certain complex in phase/quadrature phase (I/Q)
modulation scheme, like

(i) QPSK (Quadrature Phase Shift Keying), mapping 2
bits to one symbol

(ii) 16 QAM (16-Quadrature Amplitude Modulation),
mapping 4 bits to one symbol

(iii) 64 QAM (64-Quadrature Amplitude Modulation),
mapping 8 bits to one symbol

In the MIMO processing the complex modulated data are
shaped for the different MIMO subchannels according to the
available antennas and the transmit mode. The Orthogonal
Frequency Division Multiplexing (OFDM) processing takes
care of the data placement in the domains frequency and
time (Resource Element (RE) Mapping and OFDM signal
generation). The data are amplified and transmitted by the
multiple antennas.

3.2.2. Channel Estimation Errors. Another part of the investi-
gations is to have a closer look on channel estimation errors. In
consideration of receiver types like the ICD/ZF or theMMSE,
it is assumed that the transmission channel is perfectly
known. The following investigations also consider imperfect
knowledge of the channel taking into account the length of
the pilot signals that are used for channel estimation.Mengali
proposed amethod to compute the variance of the estimation
error for QPSK.The error follows a normal distribution with
a first moment equaling zero and variance [36]

𝜎2est_err = 1𝐿 1𝑃/𝑁0 , (25)

where 𝐿 is the length of the pilot sequence and 𝑃/(𝐵𝑁0) is
the symbol energy to the noise energy (SNR). The channel
estimation in LTE is executed over 19 OFDM subcarriers and
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10 subframes, each containing 2 slots. Every slot contains one
symbol for estimation. This results in

𝐿 = 19 subcarriers × 10 subframes × 2 slots
× 1 symbol = 380 symbols

(26)

per estimation [3, 35]. With (25) and (26), the channel
estimation error variance 𝜎2est_err can be calculated as

𝜎2est_err = 1380 1𝑃/𝑁0 . (27)

Equation (25) shows the dependency of the estimation error
on the symbol energy to noise energy 𝑃/𝑁0. The equation is
valid for flat-fading and time invariant channels.

4. DM Validation: MIMO Channel
Capacity Approach

4.1. Validation Procedure. As an additional step, the authors
employ the MIMO channel capacity expression; therefore
a generic view can be achieved in the investigations. This
approach imposes the use of a receiver of general type work-
ing close to or at the Shannon bound. For the investigations
a 2 × 2 MIMO transmission system with two uncorrelated
data streams and symbol energy of 𝑃/𝑁T per stream is
chosen. The symbol energy is equally distributed over the
two transmission paths. The signal covariance matrix of the
symbols

Rss = 𝑃𝑁T
I𝑁T (28)

is a diagonal matrix in this case [37], where𝑁T is the number
of transmit antennas.The sum of the main diagonal elements
of Rss is the symbol energy [37]:

trace (Rss) = 𝑃. (29)

Using these assumptions, the rate of the MIMO channel
simplifies to [37]

𝐶 = E{log2 det(I𝑁R + 𝑃𝑁T𝑁0HHH)} , (30)

where 𝑁R is the number of receiving antennas, H is the
channel matrix, the trace operator denotes the sum of the
main diagonal elements of a matrix, I𝑁R is the identity matrix
with dimension𝑁R × 𝑁R, E is the expected value, and det is
the determinant, respectively. For the sake of simplicity, the
validations in this section use the absolute throughput rate𝐶 and not the relative throughput rate 𝑦 as in Section 2.3. In
both cases the validity of the Decomposition Method can be
shown.

Equation (30) can also be expressed in terms of the
eigenvalues ofHHH employing the eigendecomposition [38]

𝐶 = E{log2 det(I𝑁R + 𝑃𝑁T𝑁0QΛQH)} (31)
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the real result are exhibited. “Overall” and DM results are almost
overlapping.

reducing to

𝐶 = E{log2 det(I𝑁R + 𝑃𝑁T𝑁0Λ)} , (32)

where Λ contains the nonnegative eigenvalues on its main
diagonal [37, 39].

Using the eigenvalue matrix Λ and its elements 𝜆𝑖, the
expected (ergodic) rate can also be written as [39]

𝐶 = E{𝑁R∑
𝑖=1

log2 (1 + 𝑃𝑁T𝑁0 𝜆𝑖)} . (33)

We use (30) to calculate the ergodic rate for the three DM
scenarios and the overall scenario numerically. The channel
matrix is modified according to the different steps of the DM
as follows:

(i) “Overall” transmission scenario (oa):H = HantHch.
(ii) “Antenna” transmission scenario (ant):H = Hant.
(iii) “Channel” transmission scenario (ch):H = Hch.
(iv) “Baseline” transmission scenario (bl):H = I.

The required transmit energy 𝑃 is a function of the channel
rate 𝐶 (for fixed noise power spectral density𝑁0) for a given
set of channelmatrices, providing𝑃oa(𝐶),𝑃ant(𝐶),𝑃ch(𝐶), and𝑃bl(𝐶). Inserting these results in (2) and (4) we can compute
the deviation 𝑑.

Figure 8 exhibits the absolute throughput rate 𝐶 versus𝑃/𝑁0 for different antenna correlation condition numbers
(𝜅 = 10 dB). In theory, the channel rate 𝐶 does not have
a limit, as long as 𝑃/𝑁0 is rising. In practical systems the
throughput will always saturate at the maximum data rate
related to the chosen modulation and coding scheme of a
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wireless transmission. Figure 8 also shows that the DM result
does not deviate at 𝜅 = 0 dB. The deviation 𝑑, as defined in
(4), is increasing with rising 𝜅 and is also depending on𝑃/𝑁0.

The deviation 𝑑 versus the channel capacity 𝐶 is
depicted in Figure 9. The plots show 𝑑 over 𝐶 for 𝜅 ∈{0 dB, 10 dB, 20 dB, 30 dB, 40 dB}. For 𝜅log = 0 dB, the devi-
ation 𝑑 is zero, and the DM works perfectly. For rising 𝜅, 𝑑 is
increasing and the maximum of 𝑑 shifts towards bigger 𝑃/𝑁0
and decreases slower than at lower values of 𝜅. Nevertheless,
even at a very bad conditioned antenna matrix with = 40 dB,
the maximum deviation 𝑑 is below 1.72 dB.
4.2. Conclusion on the Channel Capacity Approach. The
authors validate theDMby using theMIMOchannel capacity
formula. MIMO channel capacity curves are simulated and
overlaid using the DM. This section compares the “over-
all” results to the “DM” results by showing the occurring
deviations 𝑑. For the given antenna condition numbers the
DM works within the error margin given in Figure 9. This
error margin of 𝑑 lies within the error margin given by
measurement uncertainties in practical OTA measurements
[40]. Dozens of measurement uncertainty sources are listed
in [41, 42]: mismatch of transmitter chain, insertion loss of
transmitter chain, influence of the probe antenna, uncertainty
of BSE power level, statistical uncertainty of throughputmea-
surement, fading flatness within the LTE band, uncertainty of
the network analyzer, and instability of cable connections just
to name a few.

5. DM Validation: Numerical
Analysis Approach

5.1. Introduction. To validate the DM from another perspec-
tive, the authors choose the numerical link level simulation

of awirelessMIMO transmission system.TheDM is intended
for testing general UE employingMIMOantenna technology.
An important point is to investigate the validity of the DM
for the use with LTE devices. It will be a main application of
the method. As the number of employed signal processing
elements for LTE is high, this paper focuses on the most
important blocks of the transmission in the PHY layer for the
simulation and numerical validation.

The authors again realize a transmission using the block
diagrams in Figure 6 for the numerical simulation of the
transmission. They discuss the results of this transmission
system and present the validation of the DM under the given
conditions.

5.2. Concept of the Numerical Simulations. As LTE is a com-
plex transmission protocol containing a lot of different
functionality blocks, it is necessary to focus on the blocks that
might be influential on the DM. All investigations are done
with flat-fading wireless transmission channels. If problems
show up already with the simple model of flat-fading chan-
nels, all scenarios containing more complex transmission
models including tapped delay channel models and OFDM
schemes will also have a problem.

A wireless system, employing an OFDM scheme, splits
the complete channel bandwidth of the frequency dependent
channel in many narrow-band channels that are assumed
to be of flat-fading nature. In the following investigations,
the authors deal with one of these small flat-fading OFDM
channels. This has the consequence that it is not necessary
to simulate all the OFDM channels. All steps in the DLSCH
block (Figure 7) are implemented, as well as the modulation
mapper and theMIMO processing blocks. The elements in the
Physical Downlink Shared Channel (PDSCH) like scrambling,
RE mapping, and OFDM processing have been omitted,
as the authors expect minor influence on the results when
employing frequency flat transmission channels.

5.3. Simulation Setup Configuration and Figures of Merit. The
parameters for the simulation setup and the necessary figures
of merit (FOMs) are introduced in this section, as well as how
they can be calculated.The block diagram of the transmission
systems in Figure 6 eases the understanding of the parameters
and the FOMs.

5.3.1. Transmission Data Block Size and Subframe Error Rate
(SFER). The transmitted data streams have a length of 28 bits
per realization of the channel matrix Hant. The transmitted
(TX) bit stream is compared to the received bit stream (RX).
This is done with a test window size of 24 bits, so-called
subframes (SFs). If the RX subframe completely matches the
TX subframe, it is recognized as correct. If there are one
or more bits wrong, the complete subframe is rated to be
incorrect. The mathematical formulation of the Subframe
Error Rate (SFER) is

SFER = number of correctly received SFs
number of all transmitted SFs

, (34)

and it ranges from 1 (no subframe (SF) transmitted correctly)
to 0 (all SFs transmitted correctly).
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5.3.2. Relative Throughput (RTP). The relative throughput is

RTP = 1 − SFER. (35)

It ranges from 0 (no SF transferred correctly) to 1 (all SFs
transferred correctly).

Downlink Power, Bandwidth, and Noise. The downlink power
used for the simulation ranges from −130 dBm to −50 dBm.
It is always related to a subcarrier bandwidth of 𝐵 = 15 kHz.
The noise energy is

𝑁0 = −174 dBm + 10 log10 (𝐵) + 𝑁𝑓
= −174 dBm + 10 ⋅ log10 (15 kHz) + 5.2 dB
= −127 dBm,

(36)

where𝑁𝑓 = 5.2 dB is the noise figure of the UE employed for
the measurements in this paper; white noise is assumed.

5.3.3. Simulation Parameters and Number of Realizations.
The numerical simulations employ a variation of settings:

(i) Detector type: ICD/ZF or MMSE
(ii) Ideal or nonideal channel estimation
(iii) DLSCH processing enabled/disabled
(iv) Low, medium, or high correlation matrices H𝛼 and

H𝛽
(v) Receive-antenna condition number 𝜅
The authors implemented the transmission chain follow-

ing the block diagram in Figure 6 for the simulations with
DLSCH processing without DLSCH processing.

A realization is a certain transmission system instance
employing one set of stochastic parameters, like channel
parameters or channel estimation errors. The authors exe-
cuted all simulations with 5000 realizations of the channel
matrix Hch. They averaged the throughput of all realizations
linearly for each downlink power value throughout this
paper. This averaged throughput is displayed in the result
throughput versus downlink power curves. Every realization
employs a new set of transmission data blocks.

5.4. Results

5.4.1. Relative Throughput versus Downlink Power Curves.
Figure 10 exhibits an example for a set of simulation result
curves with relative throughput over downlink power. The
mentioned result figure employs an antenna condition num-
ber of 𝜅 = 40 dB and other different transmission parameters,
as mentioned in the caption of the figures.

The exemplarily taken graph shows all three necessary
curves to calculate the DM result: the “baseline”; “channel”;
and “antenna” curves. The DM result and the “overall” result
are also depicted. If the DM works well within the given
parameters, the DM result and the “overall” result overlap,
as it is the case in Figure 10. The quantitative measure of
how well the DM works is the deviation 𝑑. It shows the
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channel estimation, correlation low, and antenna condition number
40 dB.

difference between the actual value (DM result) and the
ideal value (“overall” result), as depicted in (4). The authors
simulated the different transmission scenarios for a wide
range of parameters.

All downlink power values versus RTP show the same
“baseline” result curve, which exhibits the best performance
a transmission system can reach.The higher the performance
is, the more a certain throughput can be received with
less downlink power. The BSE is directly connected to the
receiver:H𝛽HchH𝛼 = I.

The slope of the “channel” curve is less steep in compari-
son to the “baseline” curve, because of the complex normal
distribution of the channel parameters in a general Hch
matrix.

In the case that the receiving antennamatrix is an identity
matrix and uncorrelated (𝜅 = 0 dB), the “antenna” result
overlaps with the “baseline” result.The “antenna” simulations
employH𝛽HchH𝛼 = I. The overlapping of the “overall” curve
and the DM curve is the ideal case, and in this case the DM
works perfectly.

As the antenna elements start to be correlated (condition
number 𝜅 of the antenna matrix Hant > 0 dB), the receiver
performance is degraded. This degradation leads to a result
curve (the “antenna” result curve) that is a right shifted
version of the “baseline” result curve, as shown in Figure 10.
This right-shift means that the receiver needs more signal
downlink power to reach the same throughput as with an
uncorrelated channel. The reason for this behavior is that
the receiver cancels the influence of the channel, but it also
enhances the existing intrinsic noise, generated by the RF
front-end of the UE.

The more the receiving antennas are coupled, the worse
the conditioning of the antenna matrix is (indicated by 𝜅).
Looking at Figure 10, the antenna matrix condition number
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= 40 dB. For a relative throughput of 0.7, the “baseline” setup
needs a downlink power of −117 dBm, while the “antenna”
setup needs −83 dBm, which is a difference of 34 dB.

So to say, the degradation through the correlation of the
receiving antennas results in a degraded performance of the
whole transmission system. The influence of the different
simulation parameters will be discussed in the following
section.

5.4.2. Influence of the Transmission System Parameters on
the Deviation 𝑑. The authors show the influence of the
simulation parameters on the deviation 𝑑. These results are
exhibited in Figures 11–16 and the authors will discuss them
elaborately. The different simulation parameters are

(i) DLSCH processing on/off
(ii) ideal/nonideal channel estimation
(iii) low, medium, and highly correlated channel parame-

ters

These figures show the investigation of the deviation 𝑑 versus
the antenna condition number 𝜅 for this set of parameters.
They are arranged in different ways to highlight certain
ways of behavior. Certain curves are exemplarily taken to
explain a certain way of behavior. Some facts are mentioned
twice, to ease understandability. Please note that the depicted
deviations 𝑑 are maximum values that will not be reached in
practice, when a real antenna system is employed.

Influence of the Condition Number 𝜅. Generally speaking,
the absolute deviation |𝑑| rises with rising antenna condi-
tion number 𝜅. Figure 11 is taken exemplarily to show this
behavior, which appears in all simulations. The absolute
deviation starts to grow rapidly and settles more or less at =20 dB.The employed simulation parameters for the deviation
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results in Figure 11 are as follows: DLSCH processing on,
nonideal channel estimation; low, medium, and high channel
correlation; ICD/ZF and MMSE receiver.

It is interesting to see that the DMworks almost perfectly
for low correlation and the ICD/ZF receiver. In comparison,
the MMSE receiver causes an approximate maximum devi-
ation 𝑑 = −1 dB at low correlation. With rising correlation,
both receiver types, MMSE and ICD/ZF, cause bigger abso-
lute deviation |𝑑|. The value of |𝑑| is greater for MMSE than
for ICD/ZF in general.
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Influence of the Channel Correlation. Figure 11 also points
out the differences of the different channel correlations
low, medium, and high. DLSCH processing is applied and
the channel estimation is nonideal. The DM works almost
perfectly for ICD/ZF receivers at low correlations.

In contrast, the receiver typeMMSE deliversmentionable
deviations already at low channel correlations. As soon as
channel correlation becomes medium or high, the absolute
deviation |𝑑| increases. The deviation |𝑑| is always bigger for
the MMSE receiver than for the ICD/ZF receiver. Figure 12
shows the same trends but with higher absolute deviation |𝑑|
(no DLSCH processing is applied).

Influence of DLSCH Processing on/DLSCH Processing off.
Figure 16 depicts the differences of the deviation 𝑑, between
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Figure 15: Deviation 𝑑 versus antenna condition number for
DLSCH processing off, nonideal/ideal channel estimation; low,
medium, and high channel correlation; ICD/ZF andMMSE receiver.

DLSCH processing being turned on and off for ideal channel
estimation. The channel correlations are again low, medium,
and high.

In contrast, Figure 14 exhibits the results for DLSCH
processing being turned on and off for nonideal channel esti-
mations. The main message of both graphs is that if DLSCH
processing is turned on, the abs. deviation |𝑑| becomes
smaller for all three correlation types and two receiver types
(MMSE and ICD/ZF), in comparison to DLSCH processing
turned off.

This is true for all channel correlation types: low,medium,
and high. This is the reason why the DM is very suitable
for LTE performance tests, as LTE always uses DLSCH
processing. The influence of the channel estimation on the
results of 𝑑 is very small.
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Figure 16: Deviation 𝑑 versus antenna condition number for
DLSCH processing on/off, ideal channel estimation; low, medium,
and high channel correlation; ICD/ZF and MMSE receiver.

Summarizing, the following facts can be pointed out:

(i) The DM suits well its purpose, the performance test-
ing of MIMO enabled wireless UE, especially for low
correlation channels, and it delivers small deviations𝑑 for both receiver types: ICD/ZF and MMSE.

(ii) In general, if the antenna condition number 𝜅 is ris-
ing, the absolute deviation |𝑑| rises.

(iii) If channels correlations aremediumor high, the abso-
lute deviation |𝑑| is bigger than that for low correla-
tion channels.

(iv) The DM delivers better results with the ICD/ZF
receiver in comparison to the MMSE receiver for all
channel correlations.

(v) The influence of the channel estimation error is neg-
ligible in the case of LTE pilot sequence length as a
reference example.

(vi) If a transmission system employs DLSCH processing,
theDMperforms better compared to beingwithout it.
This behavior makes it very suitable for performance
tests with LTE, as it always uses DLSCH processing.

(vii) Rising deviation occurs for antennas with very poor
behavior, but manufacturers will strongly avoid such
poor designs as it results in a significantly reduced
MIMO system performance.

All diagramswith deviation𝑑 versus antenna condition num-
ber 𝜅 showmaximum errors, which will not occur in practice.
The reason is that the condition number of the antenna
matrix Hant is different for every constellation. Therefore the
authors execute investigations with a practical antenna set
and the mean deviation 𝑑 in the following chapter.

5.4.3. Investigating the Deviation 𝑑 Employing LTE Reference
Antennas. Thedeviation𝑑 versus condition number 𝜅 graphs
tend to overestimate practically arising deviations, as UE
manufacturers do not intentionally build very poor perform-
ing antenna systems. For the reason of better visualization the
authors investigated the distribution of the deviation 𝑑 with
LTE reference antennas with designated performances.

The company Motorola Mobility designed LTE reference
antennas for the purpose of interlaboratory measurement
campaigns executed in the COST 1004 actions [28]. The
printed circuit board contains the antennas and a metal
housing. Different UE can be placed inside the metal cavity.
The UE can be connected to the external reference antenna
elements with coaxial cables, and the internal antennas are
deactivated. A picture of the reference antenna is exhibited in
Figure 17.

It is available in three different performance types:

(i) “Good” performance
(ii) “Nominal” performance
(iii) “Bad” performance

The performance naming refers to the coupling of the
antenna elements in the different reference antenna versions.
This coupling is expressed with condition number 𝜅, which is
different for every constellation. A constellation contains test
antenna positions and polarization, as well as UE placement.

The authors use the 128 constellations [30] for statistical
investigations on the logarithmic antenna condition numbers𝜅. Every single constellation delivers a certain 𝜅, which can be
calculated employing the 𝐸-field antenna pattern as shown
in Section 3.1.2. Figure 18 shows the distribution of 𝜅 for the
128 constellations for all three antenna types. Also the mean
logarithmic value of the condition number

𝜅 = ∑𝑁𝑖=1 𝜅𝑖𝑁 (37)

is shown in the graphs, where 𝑁 is the number of constel-
lations (e.g., 𝑁 = 128) and 𝜅𝑖 is the logarithmic antenna
condition number of a constellation 𝑖.
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Figure 17: LTE reference antenna for UE with two antennas
designed byMotorolaMobility for band 13 (751MHz), with a printed
circuit board carrying a closed metal cavity for the UE, two printed
antennas, and connection cables [28].
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Figure 18: Distribution of the antenna condition number andmean
logarithmic condition number of the “Good”; “Nominal”; and “Bad”
reference antennas.

The reference antennas behave as they are named. Going
from “Good” to “Bad”, 𝜅 rises:

(i) “Good” antenna: 15.86 dB
(ii) “Nominal” antenna: 16.6 dB
(iii) “Bad” antenna: 18.72 dB

Table 2 summarizes themean logarithmic deviations 𝑑 for the
same parameter variation as in Section 5.4.2 for a relative
throughput of 70%:

(i) DLSCH processing on/off

(ii) Ideal/nonideal channel estimation
(iii) Low, medium, and high channel correlations

The mean logarithmic deviation is

𝑑 = ∑𝑁𝑖=1 𝑑𝑖𝑁 , (38)

where𝑁 again is the total number of constellations and 𝑑𝑖 is
the deviation at the constellation 𝑖. The DM can be validated
for all three types of antennas within a |𝑑| of 4.69 dB. This
maximum of the averaged values of 𝑑 lies below the peak
value of |𝑑|, as shown in Figure 15. In the case UE employs
LTE, DLSCH processing is always applied. In this case the
absolute mean logarithmic deviation |𝑑| will always be below
3.57 dB for all antenna condition numbers. If LTEUE is tested
only with low correlation of channels, the method works
almost perfectly with |𝑑| below 0.29 dB.

Finally, the following can be pointed out:

(i) Themean deviation |𝑑| is always below themaximum
of the absolute deviations |𝑑|. In the case of ICD/ZF
receiver, low correlated channel, DLSCH processing,
and nonideal channel measurement even for the
“Bad” antenna it will be only 0.1 dB.

(ii) In the practical case of rather well conditioned
antennamatrices and DLSCH processing applied, the
method works very well.

(iii) Comparing the receiver types, the MMSE receiver
causes higher mean deviations 𝑑 than the ICD/ZF
receiver.

(iv) The investigations exhibit that the mean deviation 𝑑
decreases when going from antenna type “Bad” to
antenna type “Good.”

(v) If a very poor antenna system is measured, there is a
possibility of calibrating the system, as the deviation𝑑 is static.

(vi) The DM is an innovative method to deliver fast and
reliable performance test results.

6. Validation of the DM by OTA
Measurements of UE

6.1. Measurements. The authors conducted measurements
with a commercial LTE device, namely, the Sony Xperia
smartphone, for a round-robin campaign for radio area
network group 4 (RAN4) of 3GPP. They tested the UE in
an anechoic chamber using the “Good” antenna, employing
the setup in Figure 2 at 128 constellations [30]. The authors
measured the “DM” results and the “overall” results of the
Sony Xperia smartphone with different transmission channel
models than in the simulation to calculate the deviation 𝑑.

Figure 19 shows the experimental results of the distribu-
tion of the deviation 𝑑.The authors determined the deviation𝑑 for the different transmission channel models for all 128
constellations. The results of 𝑑 for the different channel
models are color coded in the diagram.
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Table 2: Mean logarithmic deviations 𝑑 at 70% relative throughput using LTE reference antennas “Good”; “Nominal”; and “Bad” with
parameters: channel correlation type, DLSCH processing, and channel estimation.

Receiver type Corr. DLSCH proc. ch. est. Deviation 𝑑 for ref. ant./dB
“Good” “Nominal” “Bad”

ICD/ZF Low Off Ideal −0.26 −0.26 −0.29
ICD/ZF Low Off Nonideal −0.19 −0.23 −0.26
ICD/ZF Low On Ideal 0.12 0.13 0.13
ICD/ZF Low On Nonideal 0.09 0.10 0.10
ICD/ZF Med Off Ideal −2.73 −2.86 −3.02
ICD/ZF Med Off Nonideal −2.71 −2.86 −3.02
ICD/ZF Med On Ideal −2.37 −2.47 −2.59
ICD/ZF Med On Nonideal −2.38 −2.47 −2.58
ICD/ZF High Off Ideal −2.67 −2.81 −2.96
ICD/ZF High Off Nonideal −2.69 −2.82 −2.98
ICD/ZF High On Ideal −2.37 −2.47 −2.59
ICD/ZF High On Nonideal −2.36 −2.47 −2.59
MMSE Low Off Ideal −1.39 −1.49 −1.65
MMSE Low Off Nonideal −1.39 −1.52 −1.77
MMSE Low On Ideal −0.61 −0.64 −0.71
MMSE Low On Nonideal −0.53 −0.56 −0.66
MMSE Med Off Ideal −3.82 −4.14 −4.46
MMSE Med Off Nonideal −3.90 −4.14 −4.51
MMSE Med On Ideal −3.13 −3.26 −3.43
MMSE Med On Nonideal −3.18 −3.37 −3.58
MMSE High Off Ideal −4.00 −4.27 −4.63
MMSE High Off Nonideal −3.9 −4.14 −4.49
MMSE High On Ideal −3.2 −3.36 −3.57
MMSE High On Nonideal −3.17 −3.36 −3.55

The measurement setup employs a full LTE transmis-
sion containing tapped delay channel models, OFDM, and
resource block allocation [7].These tapped delaymodels were
used: Urban Micro (Umi), Urban Micro (Umi) with all tap
correlations 𝛼 = 0, and Urban Macro (Uma). These models
are proposed for OTA testing of UE by 3rd-Generation
Partnership Project (3GPP) [43].

In comparison to the measurements, the simulations in
Section 5 use a simplified setup.Nevertheless, a comparison is
valid, as the DM is validated by simulation for a single OFDM
subcarrier that has a bandwidth of 15 kHz, in the LTE case.
This narrow bandwidth allows a treatment of the channel
as frequency flat-fading ones. The DM is validated for the
smallest element, the single OFDM channel. Therefore it is
also valid for the complete fading channel, which consists of
many small OFDM carriers.

Figure 19 points out that the deviations 𝑑 between the
measured “overall” and DM results are distributed around
mean values from −0.16 dB to 0.34 dB for all employed chan-
nel models, which is very low regarding all other uncertainty
sources [41, 42]. The approximately Gaussian shaped distri-
bution of the deviation 𝑑 is resulting from the mentioned
measurement uncertainties.

6.2. Comparison of Measurements to the Simulations. The
measurements in Section 6.1 were conducted with a slightly
different set of parameters as proposed by 3GPP [33, 35]. The
authors present another set of simulations, as close as possible
to the measurements. The channel models employ tapped
delay models, and they were used in the measurements. The
taps have different correlation values𝛼, while𝛽 is always zero.
To be able to use the different correlations of the taps for the
simplified model, the authors employ a linear power related
averaging of 𝛼. This averaging results in these values of 𝛼:

(i) Channel model Uma: 𝛼 = 0.1172 (light correlation).
(ii) ChannelmodelUmiwith (𝛼 = 0): themean value also

is 𝛼 = 0 (all taps are zero; uncorrelated).
(iii) Channel model Umi: 𝛼 = 0.9474 (strong correlation).

Results are summarized in Table 3. The mean deviation𝑑 is given for the measurements and the closest possible
simulations for several channelmodels.Themean deviation𝑑
is very close to zero. So to say, all validations with theoretical
results, simulation results, and measurement results (Table 2)
point in the same direction: the validity of the DM. The mean
value of the deviation 𝑑 is within the given limits for all
employed channel models.
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Figure 19: Distribution of the log. deviations 𝑑 between the DM and “overall” measurement results for different channel models (Uma; Umi;
Umi_alpha = 0) and different base-station correlation coefficient for the smartphone Sony Xperia as UE with “Good” reference antenna.

Table 3: Comparison of the deviation 𝑑 between measurement and simulations.

Channel model Deviation 𝑑 in dB for
Measurement, Sony Xperia Simulation ICD/ZF Simulation MMSE

Uma −0.16 0.1 −0.57
Umi 0.21 0.05 −0.43
Umi 𝛼 = 0 0.34 −0.42 −0.52

7. Conclusion

This paper covers performance testing of Multiple-Input
Multiple-Output (MIMO) enabled wireless user equipment.
It deals with over-the-air (OTA) performance tests for com-
plete MIMO enabled user equipment (UE), including anten-
nas and front-end and algorithmic performance.The authors
investigate a very promising method, the Decomposition
Method (DM). It does not compare the DM to other test
procedures.

The best way to test UEwould be to check the algorithmic
and the antenna performance at the same time. Unfortu-
nately, this is very slow. To speed up the measurement pro-
cedure, the Decomposition Method splits the performance
tests into two parts: a static test for the antenna performance
and a fading test for the algorithmic performance.The results
from the separated measurements are combined and deliver
accurate and repeatable results. By applying this split, the
measurements can be speeded up by a factor of 36 in
comparison to the combined measurements.

This paper introduces the Decomposition Method and
deals with the validation of the split of themeasurements.The
authors validate the Decomposition Method by theoretical
investigations and by numerical simulation as well as by
measurement.

As many MIMO enabled devices also use Orthogo-
nal Frequency Division Multiplexing (OFDM), the single
orthogonal frequency bands have small bandwidths. The
paper exploits this fact by simplifying the employed models

from generic tapped delay channel models to frequency flat
response channels, without loosing validity.

The authors validate the method by theoretical means
using the MIMO channel capacity. They also validate it by
numericalmeans, simulating a complete transmission system
with Kronecker channel models with frequency flat fad-
ing. They show that the applicability of the Decomposition
Method is given for most use cases. Low correlated channels
deliver an absolute deviation of the Decomposition Method
result lower than 0.7 dB.

To round up the picture, the validity of the method is
shown by measurement results for the Sony Xperia smart-
phone.The mean deviation 𝑑 is within the interval {−0.16 dB
to 0.34 dB}.

The authors provide a thorough scientific investigation of
the Decomposition Method, demonstrating that this power-
ful and quick method to rate the performance of a MIMO
enabled wireless UE is valid in most use cases. The method is
able to speed up tests and still delivers accurate and reliable
results with reasonable equipment effort.
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This paper investigates the attenuation by a human body and trees as well as material penetration loss at 26 and 39GHz by
measurements and theoretical modeling work.Themeasurements were carried out at a large restaurant and a university campus by
using a time domain channel sounder. Meanwhile, the knife-edge (KE) model and one-cylinder and two-cylinder models based on
uniform theory of diffraction (UTD) are applied tomodel the shape of a human body and predict its attenuation in theory.The ITU
(International TelecommunicationUnion) and itsmodifiedmodels are used to predict the attenuation by trees.The results show that
the upper bound of the KEmodel is better to predict the attenuation by a human body compared with UTD one-cylinder and two-
cylindermodels at both 26 and 39GHz. ITUmodel overestimates the attenuation bywillow trees, and amodified attenuationmodel
by trees is proposed based on our measurements at 26GHz. Penetration loss for materials such as wood and glass with different
types and thicknesses is measured as well. The measurement and modeling results in this paper are significant and necessary for
simulation and planning of fifth-generation (5G)mm-wave radio systems in ITU recommended frequency bands at 26 and 39GHz.

1. Introduction

Attenuation by a human body and trees and penetration
loss of material at the ITU proposed frequency bands [1],
24.25–27.5 and 37–40.5GHz, are important issues for future
5G (fifth-generation) wireless access systems. In this paper,
attenuation by a human body and trees and penetration loss
of different materials with 1 GHz bandwidth were measured
with time domain channel sounder at 26 and 39GHz,
respectively. As far as we know, there are no measurements
and modeling work reported in open literature on human
blockage, attenuation by trees, and penetration loss of differ-
entmaterials at 24.25–27.5 and 37–40.5GHz frequency bands.
The prediction of attenuation by a human body and trees and
the penetration loss in this work are important and necessary
for future mm-wave wireless communication systems.

By considering a human body as an infinite absorbing
screen, KE model was used to predict the attenuation by a
person in a frequency range from 4 to 10GHz in [2]. In

addition, measurements in [3] showed that double knife-
edge approach was suitable for both 60GHz and 300GHz
bands. In addition to regarding a humanbody as an absorbing
screen, a cylindrical model by uniform theory of diffraction
(UTD) was also applied to predict human body attenuation.
Measurements in [4, 5] were performed at 10GHz which
showed a strong correlation between a human body and a
perfect conducing cylinder. By comparison with measure-
ments at 60GHz [6], it is shown that the UTD model was
clearly overestimating the human attenuation.

In [7], measurements by a single tree were taken at a fre-
quency range between 7.25 and 8.0GHz and the attenuation
by a tree is between 15 dB and 23 dB. In [8], measurements
were taken at 9.6GHz, 28.8GHz, 57.6GHz, and 96.1 GHz,
and the results show that the vegetation loss increases nearly
linearly at a range rate from 1.3 to 2.0 dB per meter. The ITU-
R P-833-8 [9] proposes a model for the range from 30MHz
to 60GHz: an exponential slant path model with elevation
angle correction. Other widely used penetration loss models
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are the exponential models proposed in [10–12], which do
not consider the factor of elevation and are said to present
frequency application ranges up to 57.6, 95, and 40GHz,
respectively. However, the coefficients of these models have
been mainly computed from limited sets of data measured
at frequencies close to 2GHz. Therefore, there is still a need
for verification measurements to test their correctness and
applicability for higher frequencies.

Previous literatures about penetration loss of material in
millimeter wave bands focused on 28GHz and 60GHz. In
[13], signals through a hollow plasterboard wall resulted in a
penetration loss ranging between 5.4 dB and 8.1 dB. In [14],
the measured penetration losses are 2 dB, 9 dB, and 35.5 dB
at 60GHz through a glass door, a plasterboard wall with
metallic studs, and a wall with a metal-backed blackboard,
respectively.

In this paper, the measurements of the attenuation by a
human body and trees as well as penetration loss for material
were carried out. Attenuation by a human bodywasmeasured
with a person laterally crossing the transceiver connection
line. The KE and UTD methods are used to predict human
body’s attenuation. When using UTD, the human body was
regarded as a cylinder and a combined model, respectively.
In the combined model, the shoulders are regarded as two
cylinders. By comparisons with different human models, the
target is to get a better model to predict human body’s
attenuation at 26 and 39GHz. In addition, we have measured
the attenuation by willow trees at 26GHz, and then the
ITU-R P-833-8 model is modified by comparison with the
measurement results. Measurements of the penetration loss
for differentmaterials were carried out in thiswork aswell, for
example, transparent glass with different thickness, frosted
glass, and wood with plastic cladding.

The remainder of this paper is organized as follows. In
Section 2, the measurement campaigns are introduced. In
Section 3, attenuation models by a human body including
KE and UTD one-cylinder and UTD two-cylinder models as
well as the attenuation model by trees in ITU-R P-833-8 are
investigated. Section 4 presents themeasurement results with
the comparisons of themodels. Finally, we conclude the work
in this paper in Section 5.

2. Measurement Campaigns

2.1. Attenuation by a Human Body and Trees. Channel mea-
surements of the attenuation by a human body and trees were
conducted at KeySight, Beijing office, and in the campus of
North China Electric Power University, respectively. Table 1
lists the detailed specification of the system.

Figure 1 shows themeasurement environment at a restau-
rant with more than 150m2 for human body attenuation.The
heights of the transmitter (Tx) and receiver (Rx) are both
1.3m above the ground level with distance of 15 meters.

The attenuation was measured with a person laterally
crossing the Tx-Rx connection line as shown in Figure 2.
When doing the measurement, the person was moving from−0.5 to 0.5m crossing the Tx-Rx connection line with 2.5 cm
distance step. Because of the sounding system limitation,
the continuous measurement with time is not possible; the

Table 1: Specification of the system.

Parameter 26GHz 39GHz
Bandwidth 1GHz 1GHz
Maximum delay 1.024 us 1.024 us
Delay resolution 1 ns 1 ns
Tx power 24 dBm 24 dBm

Heights of the Tx/Rx 1.3/1.3m (human) 1.3/1.3m (human)
6.0/2.0m (tree) 6.0/2.0m (tree)

Gain of the horn antenna 24.3 dBi 27 dBi
Polarization of the horn
antenna Vertical Vertical

HPBW of the horn antenna 10∘ 10∘

Figure 1: Measurement environment for human attenuation.

RX TX7.5 m 7.5 m

2mmoving

Figure 2: A person laterally crossing the Tx-Rx connection line.

measurement had to be donewith the human blockermoving
step by step in different positions. The received power was
measured when the Tx and Rx were placed in free space
and the person was at fixed positions. In each position, the
measurement was done 10 times (human blocker adjusting
their positions 10 times as well); then the mean received
power was calculated to prevent position randomness, rare
moving scatterers occurring during the measurements, and
the instability of the measurement system. The shoulder
width of the measured person is 0.49m, and thicknessof the
body is 0.24m. The human body attenuation was measured
at both 26 and 39GHz, respectively.

Figure 3 shows the measurement environment for trees
attenuation at 26GHz; 1–4 willow trees were measured
between the Tx and Rx with the heights of 6.0m and 2.0m,
respectively. The height of the willow trees is about 14m.The
tree radius is about 3m with sparse branches and leaves. An
omnidirectional biconical horn with 3 dBi gain was used at
the Tx, and a 26 dBi horn with the height of 2m was applied
at the Rx and rotated just in the elevation plane with azimuth
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Figure 3: Measurement environment for tree attenuation.

angle of 0∘.The 0∘ direction in the azimuth plane points to the
Tx. At locations 1 and 2, the horn was rotated in the elevation
plane from 10∘ to 50∘ with a step of 10∘, while at locations 3 and
4, the horn was rotated in elevation plane from 10∘ to 40∘ and
from 10∘ to 30∘ with a step of 10∘, respectively. When doing
the measurements, the Rx was placed in the middle of the
two adjacent trees.

2.2. Penetration Loss of Different Materials. Penetration loss
for differentmaterials wasmeasured at KeySight office in Bei-
jing. The received power was measured when the transceiver
was in free space and the tested material was placed in the
middle of the transceiver; then the power difference is defined
as the penetration loss of the material.

Figure 4 shows the measurement scenarios for tested
materials. The wood and glass with different thickness and
surface were measured. In Figure 4(a), it is a wooden door
with painting. In Figure 4(d), it is a wooden door with plastic
cladding. Two kinds of glass are measured: one is transparent
glass shown in Figure 4(b) and the other is frosted glass
shown in Figure 4(c). In addition, there are two transparent
glass doors in the hall; the penetration losses through one
door and two doors were measured, respectively.

Transmit power was set from 0, 10, and 20 dBm in each
measurement; the channel impulse responses were recorded
10 timeswith same transmit power. Finally, themean penetra-
tion loss with different transmit power is calculated to avoid
possible instability of the measurement system.

3. Models of Attenuation by a Human
Body and Trees

3.1. Attenuation Models by a Human Body

3.1.1. Double Knife-Edge Model. In this model, a human body
is regarded as an absorbing screen with infinite height, where
shoulders are regarded as two knife edges. Figure 5 shows the
geometry of the two knife edges, where ℎ𝑎 and ℎ𝑏 are the
widths for the left and right human shoulders. 𝑑𝑇 and 𝑑𝑅 are
the distances from the Tx and Rx to the human, respectively.
The diffraction field 𝐴𝑆 is the sum of two knife edges, which
is given by

𝐴𝑆 [ℎ𝑎, ℎ𝑏] = 𝐴𝐻 [ℎ𝑎] + 𝐴𝐻 [ℎ𝑏] . (1)

The diffraction field 𝐴𝐻 can be calculated as

𝐴𝐻 = 𝑈𝐻𝑈0 = 1 + 𝑗2 {(12 − 𝐶 (])) − 𝑗 (12 − 𝑆 (]))} , (2)

where 𝑈𝐻 and 𝑈0 denote the diffracted field and the field in
absence of an obstruction, respectively.𝐶(]) + 𝑗𝑆(]) = ∫]

0
exp(𝑗𝜋𝑡2/2)𝑑] is the Fresnel integral,

and

] (ℎ) = ℎ√ 2𝜆 𝑑𝑇 + 𝑑𝑅𝑑𝑇𝑑𝑅 (3)

is relative to wavelength 𝜆, obstruction depth ℎ, and distance
parameters.

3.1.2. One-Cylinder Model. In addition to the knife-edge
models aforementioned, UTD model has been applied to
predict the attenuation by human body as well, in which
a human body is regarded as a cylinder. Figure 6 shows a
cylindermodel with radius of𝛼. Point 𝑆 is the source position.
Points 𝑃 and �̃� are the observation positions, respectively, in
the shadow and illuminated regions. 𝑄𝑅 in Figure 6 is the
reflection point, while 𝑆𝑑1∼𝑆𝑑4 are the diffraction points.

As shown in Figure 6, when the observation point �̃� is
in the illuminated region, the total received field is the sum
of the reflected field from the human body and the incident
field in case the person does not block the Tx-Rx connection
line with lateral crossing. When the person blocks the Tx-
Rx connection line, the receiver appears to be in the shadow
region and the diffracted fields from both sides of the human
body contribute to the total received field.

The incident field of observation point �̃� can be expressed
as

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0)√( 𝜌𝑖1𝜌𝑖1 + 𝑠𝑖)( 𝜌𝑖2𝜌𝑖2 + 𝑠𝑖)𝑒−𝑗𝑘𝑠𝑖 , (4)

where 𝜌𝑖1 and 𝜌𝑖2 are the radii of curvatures of the incident
wavefront. 𝑟0 is the reference point, and 𝑠𝑖 is the distance
along the incident ray from 𝑟0 to reference point 𝑟. 𝑘 is wave
number. Equation (4) can be simplified further to (5)–(7) if
the incident wave is assumed as plane wave, spherical wave,
and cylindrical wave, respectively:

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0) 𝑒−𝑗𝑘𝑠𝑖 , (5)

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0) 𝑒−𝑗𝑘𝑠𝑖𝑠𝑖 , (6)

𝐸𝑖 (𝑟) = 𝐸𝑖 (𝑟0) 𝑒−𝑗𝑘𝑠𝑖√𝑠𝑖 . (7)
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(a) (b)

(c) (d)

Figure 4: Penetration loss measurements for a wooden door of the laboratory (a), a transparent glass door of the hall (b), a frosted glass door
of a small office (c), and a wooden door of the cabinet (d).

The reflected field is calculated by

𝐸𝑟 (𝑃) = 𝐸𝑖 (𝑄𝑅) 𝑅√( 𝜌𝑟1𝜌𝑟1 + 𝑠𝑟)( 𝜌𝑟2𝜌𝑟2 + 𝑠𝑟)𝑒−𝑗𝑘𝑠𝑟 , (8)

where 𝜌𝑟1 and 𝜌𝑟2 are the radii of curvatures of the reflected
wave and 𝑅 includes hard reflection coefficients 𝑅ℎ and soft
reflection coefficients 𝑅𝑠.

The reflection coefficient is defined as

𝑅𝑠,ℎ = −[√−4𝜉𝐿 𝑒−𝑗(𝜉𝐿)3/12 {𝑒−𝑗(𝜋/4)2√𝜋𝜉𝐿 [1 − 𝐹 (𝑋𝐿)]
+ �̂�𝑠,ℎ (𝜉𝐿)}] ,

(9)

where 𝜉𝐿 and 𝑋𝐿 are expressed in [15].

The diffracted field is

𝐸𝑑 (𝑃) = 𝐸𝑖 (𝑆𝑑1) 𝑇√ 𝜌𝑑2𝑠𝑑 (𝜌𝑑2 + 𝑠𝑑) 𝑒−𝑗𝑘𝑠𝑑 , (10)

when 𝑃 is located in shadow region.

𝜌𝑑2 = 𝑠0 + 𝑡,
𝑇𝑠,ℎ = −[√𝑚(𝑆𝑑1)𝑚 (𝑆𝑑2)√ 2𝑘 {𝑒−𝑗(𝜋/4)2√𝜋𝜉𝑑 [1

− 𝐹 (𝑋𝑑)] + �̂�𝑠,ℎ (𝜉𝑑)}]√ 𝑠0𝑠0 + 𝑡𝑒−𝑗𝑘𝑡,
(11)

where 𝑡 is the distance between two diffraction points. 𝑠0 is
the distance between the source and the first diffraction point𝑆𝑑1, and 𝑠𝑑 is the distance between the second point 𝑆𝑑2 and𝑃. The “Transition” function 𝐹(𝑋), “Pekeris” function, and
other parameters can be found in [15–17].
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Table 2: Summary of the maximum attenuation of the measurement and the upper bound of the KE, one-cylinder, and two-cylinder models.

Frequency The maximum attenuation (dB)
Measurement KE model (upper bound) One-cylinder model (upper bound) Two-cylinder model (upper bound)

26GHz 12.66 11.51 14.25 17.89
39GHz 19.03 13.46 15.66 19.99
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Figure 5: Double knife-edge model.

S

P

QR

Sd4
Sd3

Sd1
Sd2

P

Figure 6: One-cylinder model.

3.1.3. Two-Cylinder Model. Two-cylinder model is based on
one-cylinder model; instead of regarding a person as a whole
cylinder, the shoulders are regarded as two cylinders with
smaller radii as shown in Figure 7.

3.2. AttenuationModels by Trees. According to ITU-R P-833-
8 [9], attenuation by trees can be expressed as

𝐿 = 𝐴 ⋅ 𝑓𝐵𝑑V
𝐶𝜃𝐷 dB, (12)

where𝑓 is the carrier frequency inMHz, 𝑑V is the penetration
distance of the trees between transmitter and receiver, 𝜃 is

S

P

QR

Sd4
Sd3

Sd1

Sd2

P

S

Figure 7: Two-cylinder model.

the elevation in degrees, and 𝐴, 𝐵, 𝐶, and 𝐷 are empirical
constants.

4. Measurement Results and Analysis

4.1. Attenuation by aHuman Body and Trees. In themeasure-
ments, no moving scatterers existed close to the transceiver.
The heights of the transceiver as well as the distance between
transmitter and receiver were planned in detail to avoid
reflection from the ground, especially in human blockage
measurement with smooth ground. Because of very narrow
beamwidth of the horn antennas, multipath from fixed
scatterers can also be avoided. Therefore, the attenuation is
essentially the diffraction loss around the blocker(s). When
doing the measurements, at first, the CIRs were measured in
free space; then the CIRs were recorded with the blocker(s).
The noise floor was decided by averaging the last 200 delay
samples, and we use 5 dB higher than the noise floor to
remove the noise due to its fluctuation. The human attenu-
ation was defined as the difference of the wideband received
powers which was measured in free space andmeasured with
human blocker.

Figures 8(a) and 8(b) are the comparisons between the
measurements and theoretical models at 26 and 39GHz,
respectively. Table 2 summarizes the maximum attenuation
of the measurements and the maximum attenuation of the
upper bound of KE and one-cylinder and two-cylinder
models at 26 and 39GHz, respectively. In Figure 8(a), com-
pared to the upper bound of one-cylinder and two-cylinder
models, the measurement result agrees better with the upper
bound of the KE model. The field fluctuation in shadowing
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Figure 8: Comparison between the measurement and models: (a) 26GHz and (b) 39GHz.

region is obviously observed in the KE and one-cylinder
and two-cylinder models due to the superposition of the
field from both sides of the models in a coherent manner.
The fluctuation intensity is very sensitive to the wavelength
andmeasurement configurations.Themaximum attenuation
of measurement is 12.66 dB. If we just consider the upper
bound values of models, the maximum attenuation of the
KE and one-cylinder and two-cylinder models is 11.51, 14.18,
and 18.32 dB, respectively, as shown in Table 2. The RMSEs
are 1.97 dB, 2.50 dB, and 2.97 dB between measurements and
the three models at 26GHz, respectively. In Figure 8(b), the
maximum attenuation of the measurement is 19.03 dB and it
is close to the upper bound of two-cylindermodel as shown in
Table 2.The RMSEs are 2.01 dB, 2.40 dB, and 2.89 dB between
measurements and KE and one-cylinder and two-cylinder
models at 39GHz, respectively. As awhole, themeasurements
agree better with the KE model at 26 and 39GHz in the
shadow region. Two-cylinder model might be more like
the human body, but it overestimates the attenuation by
numerical calculation. In addition, the KE model is concise;
therefore it is good to be used to predict the human blockage
effect at 26 and 39GHz in a practical use case.

If the shape of a human body is neglected, we can use
measured attenuation only to get more simple models with
respect to distances at 26 and 39GHz. Figure 9 shows the
attenuationmodels based onmeasurements. Formulas 4.1 are
the empirical piecewise functions for human attenuation at 26
and 39GHz. When the human does not block the Tx and Rx
connection line, the attenuation fluctuates around zero dB.

−0.5 × 𝑑 + 0.1 𝑑 < −𝑊2 ,
−128 × 𝑑2 − 0.1 × 𝑑 + 10.6 − 𝑊2 ≤ 𝑑 ≤ 𝑊2 ,

−4.7 × 𝑑 + 2.4 𝑑 > 𝑊2 ,
−11.5 × 𝑑 − 4.2 𝑑 < −𝑊2 ,
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Figure 9: Simplified human attenuation models by measurements
at 26GHz and 39GHz.

−221 × 𝑑2 + 1.3 × 𝑑 + 14.6 − 𝑊2 ≤ 𝑑 ≤ 𝑊2 ,
6.4 × 𝑑 − 3.2 𝑑 > 𝑊2 ,

(13)

where 𝑊 is the width of the human and 𝑑 is the distance.
When measuring the attenuation by trees, the horn

antenna was adjusted to point the trees with azimuth angle
of 0∘; then the horn was rotated in the elevation plane to
measure the attenuation from different parts of the trees.
In the following text, measurement locations 1–4 are with
respect to 1–4 trees, respectively. At locations 1 and 2, the
horn was rotated in the elevation plane from 10∘ to 50∘ with
a step of 10∘, while at locations 3 and 4, the horn was rotated
in elevation plane from 10∘ to 40∘ and from 10∘ to 30∘ with a
step of 10∘, respectively. Based on the transceiver distance and
height difference of the transmitter and receiver, the elevation
angles of the direct rays are 31.62∘, 18.58∘, 12.88∘, and 10.26∘,
respectively, for locations 1 to 4.
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Figure 10: Measured attenuation by 1–4 trees with different eleva-
tion angles.

Table 3: Attenuation by 1–4 willow trees.

Location 1 2 3 4
Attenuation (dB) 18.50 12.80 15.54 22.42

Figure 10 shows the attenuation by 1–4 trees, respectively,
including free space path loss in different elevation angles.
Numbers 1–4 mean locations 1–4. The dashed line shows
attenuation of the direct rays by the tree(s). The elevation
angles for the direct rays by 1–4 trees are different because
of different distances between transmitter and receiver.

We define here the attenuation by tree(s) as the difference
between the attenuation of the direct path of the tree(s) and
the path loss in free space. Therefore, the attenuation by 1–4
willow trees is shown in Table 3.

At location 1, the attenuation of the 1st tree is 18.50 dB, a
large attenuation caused by the trunk and leaves. At location
2, the attenuation is 12.80 dB caused by the branches and
leaves of the 1st and 2nd trees with 1.22 dB/m attenuation in
average according to the penetration distance of the trees.
Sparse branches and leaves make the attenuation small.

At location 3, the attenuation is 15.54 dB. The direct path
is blocked by the branches and leaves of the 1st to 3rd trees
with 0.97 dB/m attenuation in average. At location 4, the
attenuation is 22.42 dB in total. The direct path is blocked by
the branches and leaves of the 1st to 4th trees with 1.10 dB/m
attenuation in average.

Based on our measurements, in case the direct path was
blocked by the branches and leaves, the average attenuation
is within 0.97 to 1.22 dB per meter, which is affected by the
density of the branches and leaves. In case the direct path was
blocked by the trunk, the attenuation by a willow tree is up
to 18.50 dB. Therefore, difference between the attenuation by
the trunk and that by branches and leaves is observed. In this
work, the latter case is taken into consideration.

In Rec. ITU-R P-833-8 [9], attenuation in vegetation was
investigated by measurements done in pine woodland in
Austria for satellite slant paths as expressed in Section 3.2 for
themodel with𝐴–𝐷 empirical parameters.Themodel for pin
trees is expressed as follows:

𝐿 = 0.25 ⋅ 𝑓0.39 ⋅ 𝑑V
0.25 ⋅ 𝜃0.05 dB, (14)

2 3 4
0

10

20

30

40

50

Number of trees

Measurement
Model with original parameters
Model with modified parameters

At
te

nu
at

io
n 

(d
B)

Figure 11: Comparison between the models and measurement.

where 𝐴 = 0.25, 𝐵 = 0.39, 𝐶 = 0.25, and 𝐷 = 0.05 are empir-
ical parameters for (12). Figure 11 shows our measurement
attenuation by the branches and leaves of willow trees in blue
line; the attenuation of (14) for pin trees is in green line. It is
seen that ITU model overestimates the attenuation of willow
trees. ITU model may include the trunk attenuation inside
with small elevation angles in satellite links. To use model
(14) at 26GHz, parameters in it need to be modified. In (14),
parameter 𝐷 shows the relationship between the attenuation
and elevation angles. When 𝐷 is positive, it means that the
attenuation is proportional to an elevation angle. In fact, the
branches and leaves in the upper part of the trees are more
sparse and thinner than those in the lower part. Thicker
branches and leaves make the attenuation larger; therefore
the attenuation should grow inversely proportional to the
elevation angles. Considering aforementioned reasons, (12)
and (14) can be modified as follows:

log (𝐿) = 0.39 ⋅ log (𝐴 ⋅ 𝑓) + 0.25 ⋅ log (𝑑V) + 𝐷
⋅ log (𝜃) dB, (15)

where𝐴 and𝐷 are modified by measurement data at 26GHz
using least-square method; then (15) can be expressed as

𝐿 = 0.58 ⋅ 𝑓0.39 ⋅ 𝑑V
0.25 ⋅ 𝜃−0.63 dB. (16)

It is seen from Figure 11 that the modified model (16) in
red line agrees well with the measurement result.

4.2. Penetration Loss of Different Materials. Table 4 summa-
rizes the penetration loss of different materials with specific
thicknesses at 26 and 39GHz, respectively. It is seen that the
loss at 39GHz is larger than that at 26GHz for each material
in general. From Table 4, it is found that the total thickness
of the two transparent glass doors of the hall is 25.70mm
which is thinner than the wooden door of the laboratory, but
their attenuation is almost the same; it means that wooden
attenuation is smaller than that of transparent glass in the
same thickness at 26 and 39GHz, respectively. The wooden
door of the cabinet is thinner than the wooden door of the
laboratory; however, no big attenuation difference at 26GHz



8 International Journal of Antennas and Propagation

Table 4: Penetration losses of the materials.

Material Thickness 26GHz 39GHz
Wooden door of the laboratory 47.94mm 5.50 dB 9.69 dB
Transparent glass door of the hall
(one door) 12.85mm 3.95 dB 4.59 dB

Transparent glass door of the hall
(two doors) 25.70mm 5.55 dB 9.45 dB

Frosted glass door of the small office 12.30mm 4.10 dB 4.65 dB
Wooden door of the cabinet 19.82mm 4.16 dB 5.59 dB

is found. In addition, penetration loss of the frosted glass door
is slightly larger than that of transparent glass.

5. Conclusions

In this paper, attenuation by human body and trees and
penetration loss of different materials at 26 and 39GHz
are investigated for 5G wireless communications. By com-
parisons of the KE model, one-cylinder model, and two-
cylindermodel withmeasured human attenuation, it is found
that the KE model is compact and concise and is a better
model to be applied. In addition, more accurate attenuation
models by a human are developed based on measurement
attenuation using linear regressionmethod at 26 and 39GHz,
respectively. The attenuation by trees is also investigated in
this work at 26GHz. In case the direct path is blocked by the
branches and leaves, the attenuation by willow trees is within
0.97∼1.22 dB per meter. In case the direct path is blocked
by the trunk, the attenuation by a tree is up to 18.50 dB.
The material penetration loss measurements are focused on
wooden and glass. It is found that the penetration loss for
wood is smaller than that of transparent glass in the same
thickness, and the penetration loss of frosted glass is slightly
larger than that of transparent glass.
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A spatial multiplexing (SM) array and a beamforming (BF) array with similar antenna size working at 28GHz are designed and
fabricated. In the SM array, a 4 × 4 MIMO system is realized with each port composed of a four-element subarray. In the BF array,
the whole 16 elements are used to formulate a high-gain array. The measured S-parameters are in agreement with the simulated
results. For both arrays, the channel capacities are computed by the measured channel matrix and signal-to-noise ratio (SNR) in an
office room. Results show that capacity of the SM system is larger than that of the BF system, although the gain of BF array is about
5 dB larger than that of the SM array. However, the capacity of the SM array depends heavily on SNR; specifically, for the 1 dBm
transmit power, communication distance 𝑅 = 25 cm, the ergodic capacity of the SM system is 2.76 times that of the BF system,
and if 𝑅 = 250 cm, the capacity gain is reduced to 1.45. Furthermore, compared with the BF array, the SM array has a more robust
performance over antenna misalignment, because of the wider beamwidth.

1. Introduction

Millimeter wave (mmW) has been attracting increased atten-
tion in the 5th-generation (5G) wireless systems [1], because
huge amount of raw bandwidth is available for wireless com-
munication services. In addition, the small wavelengths of
this bandmake the use of a large number of antenna elements
at the base station as well as the user equipment to formulate
a multiple-input multiple-output (MIMO) system possible.
Although MIMO techniques have been widely employed in
cellular and wireless local area network systems working at
sub-6GHz [2–4], the potential and realization of MIMO
technique in mmW band were still not fully understood,
considering the uniquemultipath propagation characteristics
and the increased path loss over the lower frequency bands
used in current 3G/4G wireless communication.

Spatial multiplexing (SM) and beamforming (BF) are the
most commonly used two approaches to realize a MIMO
system. In a SM system, the whole information stream is
divided into multiple pieces [5], each of which is transmitted
simultaneously and parallel on the same frequency band
through different antenna ports. The multiplexing gain can
be obtained by exploiting the spatial difference of the channel

response in different transmit (Tx)-receive (Rx) element pair.
On the other hand, in themmWband, the propagation loss is
higher compared to the lower frequencies; thus, the high-gain
antenna arrays are expected to compensate for the increased
path loss. In the systems with MIMO technique working
at lower frequencies, such as LTE, digital BF with per-
element weight adaptation to provide the best matching to
the instantaneous channel state information can be realized.
However, for mmW systems with large number of antenna
elements, such a digital BF is infeasible in the near term, due
to the cost of the large number of RF chains and mixed signal
components [6, 7]. Thus, BF in this paper is considered to be
realized at analog domain, where networks of phase shifter
are used to formulate a directed beam patterns, focusing the
array gain in the dominant propagation directions.

Some researches have been conducted on the perfor-
mance of SM and BF in the mmW communications. The
effect of BF on the improvement of some channel metrics
of the indoor 60GHz band system has been studied by
measurements [8]; the performance of random beamforming
has been analyzed for sparse mmW multiuser downlink
channel based on a uniform random multipath channel
model [9]. The feasibility of indoor mmW MIMO has been
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investigated by ray-tracing based channel modeling [10, 11],
by virtual antenna array based channel measurement [11, 12],
and also by a 2 × 2 microstrip array in an underground mine
environment [13]. A generalized spatial modulation MIMO
scheme in indoor line-of-sight (LOS) mmW communication
at 60GHz is proposed and analyzed [14]. Furthermore, the
suitability of SM and BF in the mmW band has also been
studied by measurement-based statistical channel modeling
[15, 16] in outdoor cellular environments and by the plane
and spherical wave expressed channel modeling along with
the virtual array based indoor experiments [17]. The per-
formance of a hybrid transmission combining BF and SM
in mmW communication is also analyzed based on a ray-
tracing method in both LOS and multipath environment
[18].

Given the Tx and Rx antenna aperture size and working
frequency, the maximum number of antenna elements that
could be supported is fixed. If more antenna ports are
formulated for SM, the number of parallel subchannels will
be increased but with a reduced subarray gain; on the
contrary, if more antenna elements are used for BF, the
array gain will be increased but the number of multiplexing
channels will be reduced. Thus, a tradeoff between SM and
BF should be made in the massive antenna mmW wireless
systems, and which one has a better capacity performance
depends on the radiation characteristics of the antennas, the
multipath distribution, and the path loss of the particular
environment. To make the tradeoff between SM and BF
at mmW frequencies, channel measurements with respect
to realistic antenna array configurations and propagation
environments are required, yet, to date, there has been little
such work about the performance comparisons between SM
and BF in the mmWwireless communications.

In this paper, we provide themeasurement-based channel
capacity comparison between SM and BF under realistic
antenna arrays, with the same Tx power, the same array
position, and the same propagation condition. In particular,
given the size of antenna aperture, there are totally 16 linearly
polarized antenna elements working at 28GHz, realized by a
kind of L-probe microstrip antenna [19]. In the SM system, it
is divided into 4 subarrays, and each consists of 4 elements,
which corresponds to a 4× 4MIMOsystem. In the BF system,
the antenna array is constructed by the whole 16 elements,
which corresponds to a SISO system but with a larger array
gain than that of the SM system. The results in this paper
provide guidance for the design and application of SM and BF
subarrays in the massive MIMO systems in the short-range
indoor mmW scenarios, with the realistic array geometry,
propagation characteristic, and SNR.

2. SM and BF Arrays Design

A coplanar waveguide (CPW) feed microstrip antenna array
realized by a single layer printed circuit board technique is
designed, because of the low material cost, planer structure,
and ease of fabrication. Firstly, a subarray composed of
4 elements is constructed, as shown in Figure 1. Here,
the defected ground technique is adopted to get a better
impedance matching.

Table 1: Dimensions of the antenna element.

Parameter Value (mm)
W 4.4
L 3.3
𝐹�푝 1.7
𝐹�푤 1.2
𝐹1 2.5
𝑔2 0.15
T 0.508
𝐶1 0.56
𝐻1 9
𝐶2 1.5
𝑊2 1.2
𝑊3 0.15
𝑆1 1.65
𝑆2 2
𝑊1 1.2
𝑔 0.15
𝑉1 8.4

The dimensions of this 4-element array are shown in
Table 1, and the detailed meaning of those parameters can be
found in [19]. Based on this 4-element subarray, the SM array
and BF array are constructed. A photograph of the fabricated
SM and BF antenna is shown in Figure 2. The Rogers Duroid
5880 substrate (𝜀�푟 = 2.2 and tan 𝛿 = 0.0009) is selected with
a thickness of 0.508mm.

The antennas are modeled and simulated using the
Ansoft’s HFSS full-wave simulator. The reflection and trans-
mission coefficients are given in Figures 3 and 4, respectively.
Those figures show that the measured and simulated S-
parameters of the SM and BF array basically agree with each
other. The measured return losses of the 4 ports in the SM
antenna and that of the BF antenna are all below the −10 dB
between 27.2GHz and 29GHz. Moreover, all the measured
isolations among the 4 ports of the SMantenna are better than
−25 dB.

In Figure 5 the array gain of the BF antenna and the SM
antenna in different ports are illustrated, which shows that
good agreements between the simulated and the measured
results exist. The gain of the BF array is about 5 dB higher
than that of the SM array, which has small difference in
different port due to tiny deviations in the dimensions and
the variations in the feeding lines of the fabricated antennas.
In Figure 6, themeasured yz plane radiation characteristics of
the two arrays at 28GHz are illustrated. It is shown that the
SM antenna has a wider radiation pattern than that of the BF
antenna; specifically, the 3 dB beamwidth of the SM array is
37.9∘ and that of the BF array is only 12.3∘.

3. Measurement Experiment

3.1. Experiment Setup. Themeasurement scenario is an office
room located on the 9th floor of the main building of the
Communication University of China, with the dimensions
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Figure 3: Simulated and measured S-parameters of the SM array. (a) Return loss. (b) Isolation.
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of 2.6m × 5.6m× 3.2m (W × L × H). As shown in
Figure 7, along the walls, there are some tables, computers,
and experiment devices. The office room has one wooden
door and several glass windows. The frame works of the
building are reinforced concrete, and the walls and floors
consist mainly of brick and plaster. During the experiment,
the Tx antenna is fixed, and the Rx antenna is located in
different positions. The scattering parameters are measured
by a vector network analyzer (VNA) Agilent N5234A. Firstly,
the fabricated SM array is employed at both the Tx and Rx
ends, and each Tx port and Rx port are connected to the
input and output ports of the VNA.The system is thoroughly
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Figure 5: Simulated and measured gains of the SM and BF antenna
array.

calibrated to eliminate frequency-dependent attenuation and
phase distortion. Between the Tx and Rx array, there are
no obstacles to insure LOS propagation existed for all
positions.

The real-time S-parameters from VNA are saved by a
computer automatically. The 4 × 4 channel matrix H was
determined by measuring the transfer parameters between
each pair of the Tx and Rx antenna ports, with the remaining
ports terminated by matched loads. For each position of the
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Figure 7: Measurement location and the schematic of the room.

Rx antenna, the data is recorded over 40 seconds with the
sampling interval of 1 second.Over theworking bandwidth of
27.2–29GHz, with step sizes of 12.5MHz, there are totally 145
frequency points. Thus, for each Tx and Rx antenna pair, the
total number of measured channels is 145 × 40 = 5800. Then
the measurement procedure is repeated for both the Tx and
Rx ends are equippedwith the BF array, with exactly the same
Tx power and the antenna position.Thepersonnelmovement
is kept to a minimum to ensure the statistical stationarity of
the propagation.

3.2. Results. The performance of a MIMO system is gen-
erally evaluated by the channel capacity. If the channel
state information is not available at the Tx end, the equal
power allocation at each port is generally used, and the
corresponding channel capacity can be computed by [5]

𝐶 = log2 det(I + (SNR𝑛�푇 )HH†) , (1)

where I is the identitymatrix, SNR is the signal-to-noise ratio,
𝑛�푇 is the number of transmit antennas, and H† means the
transpose conjugate of H. In most of the pervious works, the
channel matrix is normalized, and the capacity is computed
with the assumed SNR values. By this method, only the effect
of richness of the multipath on MIMO performance can be
evaluated.

In this paper, we also used the normalized channelmatrix;
however, the real values of average received SNR for different
antenna positions are measured and used in the capacity
calculation, throughwhich the effect of actual received power
on the system property can be illustrated.
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Firstly, the variations of SNR and channel capacity with
communication distance 𝑅 are investigated. During the
measurement, both the Tx and Rx antennas are vertically
polarized and with the equal height to the floor ℎ�푡 = ℎ�푟 =118 cm. The maximum radiation directions of Tx and Rx
antennas are aligned to obtain the best LOS signal level.
The position of the Tx antenna is fix, and the Rx antenna is
moved away gradually from the Tx antenna, with𝑅 increased
from 25 cm to 250 cm. To get the value of SNR, we measured
the received power of the background noise and that of the
transmitted signal, individually, and then calculated the ratio
between them. The relationship between the received SNR
and communication distance is shown in Figure 8, for each
position, the SNR value is an averaged result over all the 5800
samples, and the result of SM array is the averaged value
over 4 ports. As can be seen from Figure 8, for short range
with R smaller than 1m, the decreasing slope of SNR curve
is obviously larger than that of the larger range. Furthermore,
the SNR obtained by the BF array is about 7–10 dB larger than
that of the SM array, which is basically consistent with the
measured array gains.

It is well known that, besides SNR, the MIMO capacity
also depends heavily on correlation properties of the chan-
nel matrix, which is decided by the complex interaction
between antenna radiation characteristic and the surround-
ing environment. A MIMO system can only perform well
if the channel elements are statistically independent [20]. In
Figure 9, the Rx correlation coefficients (CCs) with respect
to Tx port 1 of the SM array are described, and the results
corresponding to other Tx ports are similar. Figure 9 tells us
that, for 𝑅 = 25 cm, the CCs are comparatively high due to
the dominating contribution of the LOS signal, and, for larger
communication distance, the CCs get smaller, because the
contributions of multipath components get larger. However,
even the CCs in Figure 9(a) are not very high, which have
almost no negative impact on the performance of the MIMO
system.

In Figure 10, the cumulative distribution functions
(CDFs) of the channel capacity corresponding to the 4 ×

4 SM MIMO system and that of the BF SISO system are
compared, with the increasing of communication distance.
For each curve, it is the statistical result based on 5800
samples. The corresponding ergodic capacity has also been
calculated based on these CDF results. From Figure 10(a),
for 𝑃�푡 = 1 dBm, if 𝑅 = 25 cm, the ergodic capacity of the
SM system is 2.76 times that of the BF system; however, if
𝑅 = 250 cm, the capacity gain is reduced to only 1.45. From
Figure 10(b), for 𝑃�푡 = −10 dBm, the corresponding ergodic
capacity gain drops slightly, 2.43 and 1.37, respectively. Results
in Figure 10 indicate that, in the SM array MIMO system,
large capacity gain can only be obtained with a sufficiently
high SNR.

Figure 10 gives the results of the Tx and Rx antennas
best aligned to get the largest SNR; however, in the actual
communications, the antennas cannot be always adjusted to
the best direction. Thus, the performances of these arrays
with angle deviations from the best one are also investigated
in Figure 11, in the azimuth (𝜑) and elevation (𝜃) angle plane,
individually. In the measurement of Figure 11(a), 𝑃�푡 = 1 dBm,
ℎ�푡 and ℎ�푟 are also set to 118 cm, and 𝑅 is kept as a constant
of 1m. The position of Rx is changed, to make the azimuth
deviation angle with respect to the maximum radiation
direction gradually increase from 0∘ to 25∘. As to the test in
Figure 11(b), the position of Tx is also fixed with ℎ�푡 = 118 cm,
ℎ�푟 is increased gradually to get an incremental elevation angle
deviation, and the horizontal distance between the Tx and Rx
is kept also as 1m.

Figure 11 shows that, with the increasing of angle devia-
tion from both the horizontal and vertical planes, the channel
capacity obviously declines; however, it behaves differently
for different arrays and shows a strong dependence on the
antenna radiation pattern. In particular, the SM array has
a more robust performance over the angle deviation in the
horizontal plane; as calculated by the data in Figure 11(a), if
𝜑 = 10∘, the ergodic capacity drop is only 1.85% for the SM
array, whereas the value for the BF array is 27.03%. In the
vertical plane, performances of both arrays degrade quickly
with the increase of 𝜃, and if 𝜃 = 10∘, as calculated by the data
in Figure 11(b), the drop in ergodic capacity will reach 30.53%
and 26.56% for the SM array and BF array, respectively. The
results in Figure 11 could be explained that, in the horizontal
plane, the SM array has a wider radiation pattern than that of
the BF array, but, in the vertical plane, there are no obvious
differences.

4. Conclusion

A BF SISO array and a SM MIMO array with 4 ports
working at 28GHz are designed and fabricated, with totally
16 antenna elements. To make a comparison and tradeoff
between the channel capacities of those arrays, their channel
responses are measured and compared in an indoor office
room.The dependence of the channel capacity of both arrays
on communication distance is computed with the actual
received SNR. Furthermore, the effects of antenna array
misalignment on the degradation of the channel capacity are
also investigated, both in the azimuthal and in the elevation
angle plane. It is found that although the BF array can get a
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Figure 9: Dependence of the receive correlation coefficients on frequency. (a) 𝑅 = 25 cm. (b) 𝑅 = 125 cm.
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Figure 10: Dependence of capacity on 𝑅. (a) 𝑃�푡 = 1 dBm. (b) 𝑃�푡 = −10 dBm.

concentrated and directed beam pattern to get an increased
SNR, the SM array can still get a larger channel capacity,
thanks to the spatialmultiplexing gain obtained in theMIMO
channel, and thus the incoming data stream can be divided
into several parallel substreams transmitted simultaneously.
High spatial multiplexing gain obtained by the SM array in
the indoor office room in 28GHz can be explained that, for
shorter distance, such as𝑅 = 0.25m, enough difference of the
channel responses in space can be obtained since the subarray
spacing is about 2.1 𝜆, and, for longer distance, the channel

provides enoughmultipath angular spreadwhich is beneficial
for the channel decorrelation.

Furthermore, the SM array has a more robust perfor-
mance over the antenna misalignment because of the wider
radiation pattern. However, the large channel capacity gain
of the SM array can only be obtained with a sufficiently high
SNR. Here, we only considered a mmW array with totally 16
antenna elements, for the arrays with larger size and more
elements, there will be more realizations of the MIMO array,
and which one has a better and more robust performance
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Figure 11: Dependence of capacity on the deviation angle. (a) Azimuth plane. (b) Elevation plane.

will be investigated in the future by measurement as well as
theoretical modeling.
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We will propose a useful method for 5G mm wave antenna array synthesis, based on Genetic Algorithm for the synthesis of linear
arraywith nonuniform interelement spacing. Our designmethodwas used to obtain the optimal position of the elements in order to
get theminimum side lobe level and nulls in desired directions.The simulation results verify that proposedmethod outperforms the
previously published methods in terms of suppression side lobe level while maintaining nulls in specified directions.The flexibility
of proposed algorithm shows good potential for the antenna array synthesis.

1. Introduction

In order to satisfy necessary 5G quality-of-standard criteria
and meet user mobility, due to the higher path loss at mm
wave frequency range, multiple antenna arrays are typically
used in outdoor mm wave systems for providing additional
gain [1, 2]. They play an important role in detecting and
processing signals arriving fromdifferent directions.The per-
formance of the systems depends on the efficient design of the
antenna arrays. The desired radiation pattern can be realized
by choosing geometrical shape of antenna array, element
excitation amplitude, element excitation phase, and element
spacing. The objectives in design of the antenna arrays are
archiving minimum side lobe level (SLL) and narrow first
null beam width (FNBW). Interference issues will become
of crucial importance for coexistence of 5G devices, since
number of mm wave devices will grow extensively in near
future [3]. The increasing growth of 5G devices number will
prompt the study of array pattern nulling techniques. This
problem will reach its culmination in future dense mm wave
application, such as for the 60GHz dense indoor commu-
nication, and various outdoor mm wave 5G communication
in densely populated urban areas [4]. So the goal of antenna
array synthesis is to achieve the minimum SLL with narrow

FNBW and obtaining narrow or broad nulls in directions
of interfering signals. The broad nulls are needed when the
direction of arrival of interference may vary slightly with
time.

For the linear array geometry, by optimizing the spacing
between the elements while keeping the uniform excitation
we can suppress side lobe level while preserving the gain of
the main beam and can control nulling.

Methods used for the antenna array synthesis can be clas-
sified in two categories: deterministic and stochastic. There
are several deterministic methods: Schelkunoff Polynomial
Method [5], Dolph-Chebyshev Method [6, 7], Woodward-
Lawson Method [8, 9], and Fourier Transform Method [6,
8, 9]. In modern research the most common methods are
stochastic, because stochastic methods can almost all be
proven to find a global minimum with asymptotic con-
vergence in probability. The biggest advantages of using
stochastic methods are their ability in dealing with large
number of optimization parameters and avoiding getting
stuck in local minima. Some of the methods used for the
antenna array synthesis are Evolutionary Algorithms (EA)
[10], Genetic Algorithms (GA) [11–13], Tabu Search (TS) [11,
14], Particle Swarm Optimization (PSO) [15–17], Ant Colony
Optimization (ACO) [18], Nature-Inspired Cuckoo Search
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Figure 1: Geometry of 2𝑁-element linear antenna array.

(CS) [19, 20], Combination of Global and Local Search [21],
and Cat Swarm Optimization [22]. All the above-mentioned
methods have shown the capability of searching for global
solution in electromagnetic optimization problems.

In this paper, we proposed a useful method based on
combination of two global searches. The main idea comes
from method based on combination of global and local
search [21]. Changing local search into global search we
avoid getting stuck in local minimum and this leads to better
exploration of feasible region. Better exploration leads to
better solution of optimization problem. Presented algorithm
was used to obtain the optimal position of the elements
in order to get the minimum side lobe level and nulls in
desired directions. We applied for optimization the same
radiation pattern requirements of the selected papers. The
simulation results reveal that design of antenna arrays using
the presented method provides considerable enhancements
compared with the synthesis obtained from other published
methods. In this approach we will concern arrays of isotropic
point sources; this is of great value because the pattern of any
antenna can be regarded as being produced by an array of
point sources.

Description of antenna array design problem is given in
Section 2. In Section 3, a description of the used algorithm
is presented. Results are presented in Section 4. Finally, the
conclusion of this work is presented in Section 5.

2. Problem Formulation

The antenna array radiation pattern (RP) may be found ac-
cording to the pattern multiplication theorem (see, e.g., Ch.
6 from [6, 24] and Ch. 3 from [25]):

RP = EL ⋅ AF. (1)

EL (element pattern) is the pattern of the individual array
element.

AF (array factor) is a function dependent on the physical
placement of antenna elements, amplitude, and phase of
excitation.

If we replace each element of the antenna array with
an isotopic point source the resulting pattern is the array
factor, because the element pattern of isotopic point source
is equal to 1. The geometry of the linear antenna array with2𝑁 isotropic elements placed symmetrically along the 𝑥-axis
is given in Figure 1.

In this paper linear antenna array has identical elements
with nonuniform interelement spacing and uniform excita-
tion. Array factor in the azimuth plane can be expressed as
follows (for more see [6, 8, 9, 24–26]):

AF (𝜃) = 2 𝑁∑
𝑛=1

𝐼𝑛 cos [𝑘𝑑𝑛 sin (𝜃) + 𝜑𝑛] , (2)

where 𝑘 = 2𝜋/𝜆 is wave number, 𝜆 is the wavelength, 𝐼𝑛 is
excitation amplitude of 𝑛th element, 𝜑𝑛 is excitation phase
of 𝑛th element, 𝑑𝑛 is location of 𝑛th element, and 𝜃 is angle
between the line of observer and the source position.

If we assume a uniform excitation of phase as 𝜑𝑛 = 0 for
each antenna array element, the array factor can be written in
a simple form as follows:

AF (𝜃) = 2 𝑁∑
𝑛=1

𝐼𝑛 cos [𝑘𝑑𝑛 sin (𝜃)] . (3)

In the field of electromagnetism the decibel (dB) is often used
as a unit of measurement for array factor. Normalized array
factor and normalized array factor in dB are given by

(AF (𝜃))norm = |AF (𝜃)||max (AF (𝜃))| , (4)

(AF (𝜃))norm,db = 20 log |AF (𝜃)||max (AF (𝜃))| . (5)
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Begin
Set an initial solution 𝑥1;
Define 𝑘max, 𝑅 and 𝑙max;
Set 𝑘 ← 1, 𝑙 ← 1, SLL∗ = 0, 𝑥∗ = 0;
if (cost function is with nulls) set depp∗𝑘 = −60 dB;
Global search for 𝜃. Solution of the search is 𝜃1;
While (𝑙 < 𝑙max)
Global search for 𝑥. Solution of the search is 𝑥𝑙+1;
Global search for 𝜃. Solution of the search is 𝜃𝑙+1;
Set SLL𝑙+1 = AF(𝜃𝑙+1)norm;
if (cost function is with nulls) depp𝑘 = AF(𝜃𝑘)norm;
end
if (cost function is with nulls)

if (SLL𝑙+1 is better than SLL∗ and depp𝑘 < depp∗𝑘 )
set 𝑘 ← 1, SLL∗ = SLL𝑙+1 and 𝑥∗ = 𝑥𝑙+1; end

else
if (SLL𝑙+1 is better than SLL∗) set 𝑘 ← 1, SLL∗ = SLL𝑙+1 and 𝑥∗ = 𝑥𝑙+1; end

end
If (𝑘 ≥ 𝑘max) STOP;
end𝑙 ← 𝑙 + 1;𝑘 ← 𝑘 + 1;

end
Outputs of the algorithm are SLL∗ and 𝑥∗;
end

Algorithm 1

3. Algorithm

The presented algorithm is applied to achieve the desired
radiation pattern with minimum SLL and narrow or broad
nulls in specified directions. Our approach uses a combina-
tion of two global searches: global search with respect to 𝜃
and global search with respect to 𝑥. The global searches were
performed using Genetic Algorithm with existing function
“ga” from MATLAB software package (R2016a). The global
search with respect to 𝜃 was performed on region [𝜃11, 𝜃12]
with fixed permanent solution 𝑥𝑙 for the cost function (4).
With this global search we locate maximum side lobe level.

The cost function for step global search for 𝑥 following
expression was used:

Cost = max (AF (𝜃)norm𝜃12𝜃
11

) +∑
𝑘

AF (𝜃𝑘)norm . (6)

First term in (6) is employed to minimize the side lobe
level between the desired angles 𝜃11 and 𝜃12, whereas the
second one is for achieving deepnulls in desired directions 𝜃𝑘.
For reducingmutual coupling effects between the elements of
the antenna array the following conditions must be satisfied:

𝑥𝑖 − 𝑥𝑗 > 0.25𝜆,
min (𝑥𝑖) > 0.125𝜆, 𝑖 = 1, 2, . . . , 𝑁, 𝑖 ̸= 𝑗. (7)

The global search with respect to 𝑥 on a small neighbour-
hood of current solution was performed with fixed 𝜃𝑙. Lower

and upper bounds for each coordinate of vector 𝑥𝑙 are defined
using the following expression:

LOW𝑖 = (𝑥𝑙𝑖 − 𝑅) , 𝑖 ∈ 𝑁, 𝑅 ∈ R,
UP𝑖 = (𝑥𝑙𝑖 + 𝑅) , 𝑖 ∈ 𝑁, 𝑅 ∈ R. (8)

Pseudocode of proposed algorithm is given in Algo-
rithm 1.

4. Simulation Results

In the first experiment we performed the synthesis of 2𝑁 =28 element antenna array in order to get the minimum side
lobe level and nulls at 𝜃1 = 30∘, 𝜃2 = 32.5∘, and, 𝜃3 = 35∘.
In this paper we performed experiments for 𝑅 = 0.05 and 0.1
(with respect to 𝜆/2) where 𝜃11 = 4∘ and 𝜃12 = 90∘.

The cost function for the algorithm following expression
was used:

Cost = max (AF (𝜃)norm90∘4∘ ) +∑
𝑘

AF (𝜃𝑘)norm . (9)

We can see that in this paper cost function is not same as
that in paper [23]. The main reason why the form of the cost
function (9) was taken, rather than form (10), is that the value
of the second part of cost function tends towards negative
infinity for AF(𝜃𝑘)norm = 0. This case would adversely affect
the search in such a way that the search for the second part of
(10) would be predominant. In this case, we took normalized
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Figure 2: The normalized radiation pattern of 28-element linear
array.

array factor and therefore it is unlikely that such a case could
occur.

Cost = 20 log {max (AF (𝜃)norm90∘4∘ )}
+ 20 log{∑

𝑘

AF (𝜃𝑘)norm} .
(10)

The radiation pattern has been shown in Figure 2. As it
is seen from Figure 2 obtained results give lower side lobe
level then results from paper [23]. Region [30∘, 35∘] is under−40 dB and it is lower than obtained region from published
work. The optimal locations with respect to 𝜆 obtained by
using the provided algorithm are shown in Table 1. In Table 2
SLL, FNBW, and nulls depth at 𝜃1 = 30∘, 𝜃2 = 32.5∘, and𝜃3 = 35∘ are shown. Convergence characteristics in terms of
side lobe level versus the number of iterations are shown in
Figure 3. It is observed that the cost function value converges
to the optimum result quickly.

The observed results were better for 𝑅 = 0.05. From
Table 2, it is seen that the results provide side lobe level lower
than −18 dB, with nulls deeper than −100 dB. Minimum side
lobe level of the array optimized using presented algorithm
showed improvement (4 dB) over the published works GPS
[23], ACO [18], and CSO [22] (Table 3). All three nulls
are deeper than −100 dB and all nulls are deeper than nulls
from published works. The FNBW is slightly higher than
previously published works.

In the second experiment, we performed the synthesis
of 2𝑁 = 20 elements’ antenna array with fixed excitation
Dolph-Chebyshev amplitudes, which form the side lobe level
at −30 dB. Excitation amplitudes have values = [1, 0.97, 0.912,
0.831, 0.731, 0.620, 0.504, 0.391, 0.285, 0.325]. Null is located
at the position of 𝜃1 = 20∘, whereas 𝜃11 = 8∘ and 𝜃12 = 90∘.
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Figure 3: The convergence characteristics of side lobe level for
optimization of a 28-element linear array.

Table 1: Element position of the 28-element linear array (normal-
ized with respect to 𝜆).
Element Example 1 (𝑅 = 0.05) Example 2 (𝑅 = 0.1) GA [23]
±1 0.1901 0.2081 0.252±2 0.6309 0.6048 0.752±3 1.0720 1.0688 1.251±4 1.5273 1.4997 1.754±5 2.0043 1.8792 2.257±6 2.4929 2.4284 2.756±7 2.9220 3.0077 3.284±8 3.5061 3.5671 3.792±9 3.9975 4.1606 4.291±10 4.4910 4.5425 4.790±11 5.2269 5.2225 5.463±12 5.9271 6.0085 5.965±13 6.4800 6.5472 6.465±14 7.1298 7.2607 7.094

Table 2: Comparative results for 2𝑁 = 28 elements’ linear array.

SLL FNBW Null depth in dB
30∘ 32.5∘ 35∘

Example 1 (𝑅 = 0.05) −18.41 8.7 −163.19 −100.01 −186
Example 2 (𝑅 = 0.1) −18.39 8.6 −171.77 −140.42 −164.82

For the objective function the following relations were
taken:

Cost = max (AF (𝜃)norm90∘8∘ ) + AF (20∘)norm . (11)

Mutual coupling effects were under consideration during the
processing. In this experiment, we fixed 𝑅 = 0.1. The optimal
locations with respect to 𝜆 obtained by using the provided
algorithm are shown in Table 4 together with the results
obtained in [23].



International Journal of Antennas and Propagation 5

Table 3: Comparison with published results for 2𝑁 = 28 elements optimized with respect to position.

SLL FNBW Null depth in dB
30∘ 32.5∘ 35∘

Example 1 (𝑅 = 0.05) −18.41 8.7 −163.19 −100.01 −186
GPS [23] −14.39 7.8 −71.89 −46.87 −74.13
ACO [18] −14.88 8.4 −57.42 −59.20 −60.46
CSO [22] −13.23 8.2 −75.00 −67.05 −65.32

Table 4: Element position of the 20 element linear array (normal-
ized with respect to 𝜆).
Element Obtained results GPS [23] GA [23]
±1 0.2387 0.25 0.264±2 0.7396 0.75 0.779±3 1.2454 1.25 1.283±4 1.7750 1.787 1.840±5 2.2821 2.338 2.382±6 2.7785 2.838 2.884±7 3.2473 3.338 3.389±8 3.7092 3.838 3.897±9 4.2077 4.338 4.419±10 4.8180 4.990 5.079

Table 5: Comparison with published results for 2𝑁 = 20 elements
optimized with respect to position.

SLL FNBW Null depth in dB at 20∘

Obtained results −28.5025 16.8 −233.00
GPS [23] −27.7376 16.9 −61.01
GA [23] −26.6344 16.4 −80.06

Figure 4 shows a radiation pattern produced by the pre-
sented method together with radiation pattern obtained in
the work [23]. We can notice that the resulting null is at the
position of 20∘. In Table 5 SLL, FNBW, and null depth at𝜃1 = 20∘ are shown. We can also notice that SLL obtained
by presented method is −0.8 dB lower than the examined
results obtained in [23]. Radiation pattern obtained with the
presented method has a deeper null then the published work
[23]. FNBW has a negligible difference.

5. Conclusion

In the presented work, we proposed a new algorithm for
finding the optimal position of the 5G mm wave antenna
array elements which minimize side lobe level and placing
nulls in desired directions. In both experiments, suppression
of SLL was achieved, while nulls were maintained in specified
directions and cost function value of presented method
converges to the optimum result quickly. Given algorithm
provides better results than the comparedmethods and shows
good potential for the 5G mm wave antenna array synthesis.
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Figure 4: The normalized radiation pattern of 20-element linear
array.
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We consider multihop millimeter-wave (mm-Wave) wireless backhaul communications, by which small cell base station (SBS)
clusters can connect to a macrocell base station (MBS). Assuming the mm-Wave wireless backhaul links suffer from outage caused
by obstacles that block the line-of-sight (LoS) paths, we derive the statistics of a perhop distance based on the blockage model using
stochastic geometry and random shape theory and analyze themultihop outage probability using the statistics of a perhop distance.
We also provide an optimal number of hops to minimize the end-to-end outage performance between theMBS and the destination
SBS cluster when the end-to-end distance is given.

1. Introduction

Dense deployment of small cells over traditional macrocell s
is considered as a key enabling technique for the emerging
fifth-generation (5G) cellular networks [1–4]. For the small
cell network deployment, millimeter-wave (mm-Wave) wire-
less backhaul is a cost-effective and scalable solution with
large contiguous bandwidths. Moreover, the line-of-sight
(LoS) nature of mm-Wave communication with directional
antenna arrays can help to control the signal interference [5].

However, mm-Wave signals are more sensitive to block-
age effects than signals in lower frequency bands, as indicated
by the measurement data in [6–8]. Thus, the performances
of the mm-Wave cellular systems are vastly affected by
blockage effects [9]. There are two widely used approaches
to incorporate the impact of blockages into signal prop-
agation: ray tracing and stochastic modeling. In the ray
tracing approach, blockages are characterized explicitly by
their sizes, locations, and shapes. Therefore, this method is
appropriate for environment-specific simulations based on
electromagnetic simulation tools, which perform complex
numerical calculations for ray tracing [10, 11]. On the other

hand, in the stochastic models, the statistics of blockages are
characterized with smaller number of parameters compared
to ray tracing. Therefore, the stochastic models are used to
analyze general networks with acceptable accuracy.

In [12], the authors propose mm-Wave channel model
incorporating the blockage effects based on stochastic geom-
etry and random shape theory. Stochastic geometry has been
a powerful technique to evaluate system performance in
the conventional cellular networks [13], which reveals the
impacts of multiple system parameters such as base station
density, transmit power, and path-loss exponent. The key
idea in [12] is to model random obstacles (e.g., buildings) as
rectangles with random sizes and orientations whose centers
form a Poisson point process (PPP) on 2-dimensional space.
The model proposed in [12] can capture distance-dependent
characteristics of the blockage effects, which is more realistic
compared to the conventional shadowing model using log-
normal distribution.

Using this mm-Wave propagation model in [10], the
authors in [14] present a framework to derive signal-to-
interference-plus-noise ratio (SINR) distributions, which can
be used to analyze coverage and rate performances. Also, the
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outage probability of a macrodiversity system with multiple
base stations (BSs) that are connected by wire to each other is
analyzed in [15], where an outage occurs when there is no LoS
path from all the base stations to the user.The analysis in [15]
presents that this macrodiversity coming from the unblocked
BS selection can be exploited to mitigate blockage in mm-
Wave cellular systems.

In [16], the outage performance of mm-Wave wireless
backhaul links between a macrocell base station (MBS) and
small cell base stations (SBSs) is also studied using the
channel model in [10]. Specifically, in [16], the multiple SBSs
in a cluster have wired connections to each other, and the
wireless backhaul link between theMBS and the SBS cluster is
assumed to be reliable as long as there exists one ormore SBSs
that have blockage-free LoS paths from the MBS. In other
words, the MBS can selectively choose an unblocked SBS to
construct a wireless backhaul link by beam steering, which is
equivalent to the macrodiversity in [15].

However, while [16] only considers the one-hop com-
munication between the MBS and a single SBS cluster, the
5G cellular networks may have multiple SBS clusters, which
require multihop transmissions to improve the cell coverage
[1, 2]. Considering the distance dependence of the blockage
effects (i.e., the likelihood of a blockage event increases as the
distance increases) at mm-Wave, multihop communication
can be an effective solution to build mm-Wave wireless
backhaul systems. In this context, motivated by the limitation
in [16], we extend the single-hop wireless backhaul system
in [16] to a multihop scenario with multiple SBS clusters.
Moreover, it is noteworthy that the wireless backhaul links
between two SBS clusters studied in this paper are distinct
from the system model in [16] because we consider multiple-
points-to-multiple-points (SBSs-to-SBSs) links, while [16] is
focused on single-point-to-multiple-points (MBS-to-SBSs)
links. Therefore, with different distance statistics from [16],
the intercluster SBS-to-SBS communication can benefit from
higher order of spatial diversity compared with the MBS-to-
SBS communication in [16].

The contributions of this paper are fourfold. First, we
derive the probability distribution, mean, and variance of
a perhop distance (i.e., the distance between two randomly
located SBSs in two adjacent SBS clusters), considering
the spatial diversity. Second, we analyze the perhop outage
performance of mm-Wave wireless backhaul links between
two adjacent SBS clusters. Third, the outage analysis is
extended from the perhop link to multihop systems. Lastly,
we present an optimal and suboptimal hop count tominimize
the end-to-end outage performance between theMBS and the
destination SBS cluster for a given end-to-end distance, where
the suboptimal hop count is derived based on only the perhop
outage performance.

This paper is organized as follows. We introduce the
system model in Section 2. We derive the probability distri-
bution, mean, and variance of the distance between two SBS
clusters in Section 3.The outage performances of perhop and
multihop cases are analyzed in Section 4. In Section 5, we
show optimal hop distance and hop count to minimize the
outage performance and propose suboptimal hop distance
and hop count that give close enough outage probabilities

MBS

SBS cluster SBS cluster

SBS cluster

SBS cluster 1

SBS cluster 2

Wireless backhaul

SBS

Figure 1: Illustration of a 5G-network with mm-Wave wireless
backhaul.

MBS
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Figure 2: Multihop wireless backhaul.

to the optimal ones. Finally, conclusions are provided in
Section 6.

2. System Model

We consider a 5G network with a single MBS and multiple
SBS clusters as an example illustration in Figure 1. In the
figure, the macrocell is indicated by the gray hexagon, and
the SBS clusters are represented by the sky blue circles. Each
SBS cluster has multiple SBSs, which are connected to each
other through wires to enable spatial diversity in SBS cluster
[15, 16]. The MBS is connected to the core network, and
SBSs can access the core network via the MBS using wireless
backhaul, which is indicated by the dotted blue lines in the
figure. Moreover, some SBS clusters, which are far from the
MBS, trigger multihop transmissions for the backhaul links
to overcome path loss and blockage effects. For example, in
Figure 1, SBS Cluster 2 communicates with the MBS in two
hops over Cluster 1.

As shown In Figure 2 focusing on the multihop wireless
backhaul links, we assume that SBSs in each cluster are dis-
tributed over a circle. In the figure, the areas of the multihop
clusters are denoted by Areas S1, S2, . . ., and S𝐾 with radii
of 𝑅1, 𝑅2, . . . , 𝑅𝐾, respectively. Also, the hop distances are
denoted by 𝐿𝑘, where 𝑘 ∈ {1, 2, . . . , 𝐾}. As in [16], we assume
that in 𝑘-th cluster multiple SBSs are uniformly distributed
with intensity 𝜆𝑘 according to a homogeneous point process
(PPP) [17], which is a widely used model for various types of
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cellular networks [18]. For the end-to-end wireless backhaul
link with hops, the outage probability can be expressed as

𝑃out = 1 − 𝐾∏
𝑘=1

(1 − 𝑃out:𝑘) , (1)

where 𝑃out:𝑘 is the outage probability of 𝑘-th hop [19].
Assuming the outage events in different hops are mutually
independent, the outage analysis over multiple hops can be
decoupled into multiple intercluster links, while the first-
hop outage 𝑃out:1 can be obtained based on the analysis in
[16]. When we consider the multihop performance 𝑃out, we
assume uniform SBS clusters and equidistant hops for the
mathematical tractability which we will explain in detail in
Section 4.2. In general, however, the densities of the SBS
clusters are dissimilar, which means variable 𝑃out:𝑘 and hop
distances for different 𝑘. Even in this case, the perhop analysis
in this paper still can be used to optimize the end-to-end
outage 𝑃out, which is a function of the hop distances and the
corresponding end-to-end hop count 𝐾.

To analyze the outage performances of the following hops,
we consider the intercluster outage 𝑃out:𝑘 for 𝑘 ≥ 2 as shown
in Figure 3. Clusters 𝑘−1 and 𝑘 have 𝑀 and 𝑁 SBSs, which
are uniformly distributed overS𝑘−1 andS𝑘−2 with intensities𝜆𝑘−1 and 𝜆𝑘, respectively. These intensities correspond to the
average numbers of SBSs per unit area (i.e, SBSs/m2). In
other words, the numbers of the SBSs in the two clusters are
assumed to be 𝑀 and 𝑁, which are independent random
variables following Poisson probability distributions as

Pr [𝑀 = 𝑚] = (𝜆𝑘−1𝜋𝑅2𝑘−1)𝑚𝑚! 𝑒−𝜆𝑘−1𝜋𝑅2𝑘−1 ,
Pr [𝑁 = 𝑛] = (𝜆𝑘𝜋𝑅2𝑘)𝑛𝑛! 𝑒−𝜆𝑘𝜋𝑅2𝑘 , (2)

where Pr[𝑋 = 𝑥] denotes the probability that 𝑋 = 𝑥 and 𝑥 is
a nonnegative integer. Therefore, the average numbers of the
SBSs in the two clusters are given by E{𝑀} = 𝜆𝑘−1𝜋𝑅2𝑘−1 and
E{𝑁} = 𝜆𝑘𝜋𝑅2𝑘, where E{⋅} implies the expectation operator.
We assume the centers of the two clusters are separated by 𝐿𝑘

with fixed ratios to the two radii as𝐿𝑘 = 𝑎𝑘𝑅𝑘−1 = 𝑏𝑘𝑅𝑘, where𝑎𝑘 > 2 and 𝑏𝑘 > 2 (i.e., there is no intersection between S𝑘−1
andS𝑘) (we assume the dense deployment of SBSswithwired
connections in each cluster for coverage extension, especially
to solve the hotspots problem, and the geographically disjoint
SBS clusters. In addition, considering the construction cost,
we assume that the SBSs in different clusters communicate
with each other through the multihop wireless backhaul.).

Let 𝑑𝑚,𝑚 be the distance between the mm-Wave SBSs 𝑚
and 𝑛 in S𝑘−1 and S𝑘, respectively, as shown in the figure.
Also, as in [12, 14–16], the probability of no blockage in
an individual SBS-to-SBS (S2S) path is 𝑃LoS(𝑚,𝑛) = 𝑒−𝛽𝑑𝑚,𝑛 ,
where 𝛽 is the parameter that captures density and size of
obstacles. The greater 𝛽 means obstacles with higher density
and larger sizes, which results in lower 𝑃LoS(𝑚,𝑛). In this paper,
we assume 𝑃LoS(𝑚,𝑛) can be interpreted as the probability that
the communication link between the SBSs𝑚 and 𝑛 in the two
clusters is reliable.

As in [16], we assume that the multiple SBSs in the same
cluster are connected to each other through wires and thus
the wireless backhaul link between the two clusters is reliable
if one (or more) of the individual S2S links between the two
clusters is reliable. An outage event of the intercluster mm-
Wave wireless backhaul link is caused by blockage of LoS
path. Before data transmission, with beam steering, each SBS
in Cluster 𝑘 − 1 can selectively connect to one of the SBSs
in Cluster 𝑘 whose LoS path is blockage-free. Also, once
one SBS finds an unobstructed LoS path, the SBS notifies
the other SBSs in the same cluster via the wired intracluster
connections.

3. Probability Distribution of S2S
Distance 𝑑𝑚,𝑛 between Two SBS Clusters

In order to investigate the performance of the mm-Wave
wireless backhaul system, we need to consider probability
distribution of the S2S distance 𝑑𝑚,𝑛 between the two SBS
clusters, since𝑃LoS(𝑚,𝑛) is a function of𝑑𝑚,𝑛, which is a random
variable. As shown in Figure 4(a), suppose the distance
between the center of the left SBS cluster𝑂𝑘−1 and SBS 𝑛 in the
right SBS cluster is V𝑛. To derive the probability distribution of
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Figure 4: An example illustration to derive the PDF of 𝑑𝑚,𝑛.
𝑑𝑚,𝑛, we first find the probability distribution function (PDF)
of V𝑛 using an example illustration in Figure 4 (because V𝑛
is the distance between a random location in Area S𝑘 and
the fixed point 𝑂𝑘−1, the PDF of V𝑛 is identical to the PDF of
the distance of the single-hop wireless backhaul in [16].), and
then conditioned on V𝑛 we will obtain the PDF of 𝑑𝑚,𝑛. In
Figure 4(b), the shaded area (Area T) is the feasible region
of V𝑛 in the circle (Area S𝑘). Consequently, the cumulative
density function (CDF) of V𝑛 is expressed as the ratio between
AreasT and S𝑘 as

𝐹V𝑛 (𝑥) = Pr [V𝑛 ≤ 𝑥] = 𝜓𝑅2𝑘 + 𝜉𝑥2 − 𝑅𝑘𝐿𝑘 sin𝜓𝜋𝑅2
𝑘

, (3)

Where 𝐿𝑘 − 𝑅𝑘 ≤ 𝑥 ≤ 𝐿𝑘 + 𝑅𝑘, 𝜓 = arccos((𝑅2𝑘 + 𝐿2𝑘 −𝑥2)/2𝑅𝑘𝐿𝑘), and 𝜉 = arccos((𝑥2+𝐿2𝑘−𝑅2𝑘)/2𝑥𝐿𝑘). As a result,
the PDF of V𝑛 is

𝑓V𝑛 (𝑥) = 𝑥𝜋𝑅2
𝑘

( 𝑅𝑘/𝐿𝑘√1 − (𝐿2
𝑘
− 𝑥2 + 𝑅2

𝑘
)2 /4𝐿2

𝑘
𝑅2
𝑘

− (𝑥/𝐿𝑘 − (𝐿2𝑘 + 𝑥2 − 𝑅2𝑘) /2𝐿𝑘𝑥)√1 − (𝐿2
𝑘
+ 𝑥2 − 𝑅2

𝑘
)2 /4𝐿2

𝑘
𝑥2

− (𝐿2𝑘 − 𝑥2 + 𝑅2𝑘) /2𝐿𝑘𝑅𝑘√1 − (𝐿2
𝑘
− 𝑥2 + 𝑅2

𝑘
)2 /4𝐿2

𝑘
𝑅2
𝑘

+ 2 arccos(𝐿2𝑘 + 𝑥2 − 𝐿2𝑘2𝐿𝑘𝑥 )) ,

(4)

where 𝐿𝑘 − 𝑅𝑘 ≤ 𝑥 ≤ 𝐿𝑘 + 𝑅𝑘. As shown in [16], when 𝐿𝑘 >2𝑅𝑘, we can derive an approximate PDF by treating the area

enclosed by the path 𝐴𝐵𝐶𝐷𝐴 as the region bounded by the
path 𝐴𝐵𝐶𝐷𝐴 in Figure 4(b):

𝑓∗V𝑛 (𝑥) = 2√𝑅2
𝑘
− (𝐿𝑘 − 𝑥)2𝜋𝑅2
𝑘

, (5)

where 𝐿𝑘 − 𝑅𝑘 ≤ 𝑥 ≤ 𝐿𝑘 + 𝑅𝑘. With this approximated PDF,
we can obtain E{V𝑛} = 𝐿𝑘 and VAR{V𝑛} = 𝑅2𝑘/4.

Then, going back to Figure 4(a), conditioned on V𝑛, the
PDF of 𝑑𝑚,𝑛 can be derived as the ratio of the area within a
closed path 𝐴𝐵𝐶𝐷𝐴 to the entire circle 𝑆𝑘−1, which is given
by

𝐹𝑑𝑚,𝑛|V𝑛 (𝑥 | V𝑛) = 𝜃𝑛𝑅2𝑘−1 + 𝜙𝑛𝑥2 − 𝑅𝑘−1V𝑛 sin 𝜃𝑛𝜋𝑅2
𝑘−1

, (6)

where V𝑛 − 𝑅𝑘−1 ≤ 𝑥 ≤ V𝑛 + 𝑅𝑘−1, 𝜃𝑛 = arccos((𝑅2𝑘−1 + 𝐿2𝑘 −𝑥2)/2𝑅𝑘−1V𝑛), and 𝜙𝑛 = arccos((𝑥2 +V2𝑛 −𝑅2𝑘−1)/2𝑥V𝑛). Hence,
the corresponding conditional PDF of 𝑑𝑚,𝑛 is given by

𝑓𝑑𝑚,𝑛|V𝑛 (𝑥 | V𝑛) = 𝑑𝐹𝑑𝑚,𝑛|V𝑛 (𝑥 | V𝑛)𝑑𝑥
= 𝑥𝜋𝑅2
𝑘−1

(𝑅𝑘−1/V𝑛 − (V2𝑛 − 𝑥2 + 𝑅2𝑘−1) /2V𝑛𝑅𝑘−1√1 − (V2𝑛 − 𝑥2 + 𝑅2
𝑘−1

)2 /4V2𝑛𝑅2𝑘−1
− 𝑥/V𝑛 − (V2𝑛 + 𝑥2 − 𝑅2𝑘−1) /2V𝑛𝑥√1 − (V2𝑛 + 𝑥2 − 𝑅2

𝑘−1
)2 /4V2𝑛𝑥2

+ 2 arccos(V2𝑛 + 𝑥2 − 𝑅2𝑘−12V𝑛𝑥 )) .

(7)
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As the PDFof V𝑛, for a large enough𝐿𝑘 relative to𝑅𝑘 and𝑅𝑘−1,
this conditional PDF has an approximate form

𝑓∗𝑑𝑚,𝑛|V𝑛 (𝑥 | V𝑛) = 2√𝑅2
𝑘−1

− (V𝑛 − 𝑥)2𝜋𝑅2
𝑘−1

, (8)

where V𝑛 − 𝑅𝑘−1 ≤ 𝑥 ≤ V𝑛 + 𝑅𝑘−1. Hence, the PDF of 𝑑𝑚,𝑛 is
given by

𝑓∗𝑑𝑚,𝑛 (𝑥) = ∫𝐿+𝑅𝑘
𝐿−𝑅𝑘

𝑓∗𝑑𝑚,𝑛|V𝑛 (𝑥 | V𝑛 = 𝑦)𝑓∗V𝑛 (𝑦) 𝑑𝑦
= ∫𝐿+𝑅𝑘
𝐿−𝑅𝑘

2√𝑅2
𝑘−1

− (𝑦 − 𝑥)2𝜋𝑅2
𝑘−1

2√𝑅2
𝑘
− (𝐿 − 𝑦)2𝜋𝑅2
𝑘

𝑑𝑦, (9)

where 𝐿𝑘 −𝑅𝑘−1 −𝑅𝑘 ≤ 𝑥 ≤ 𝐿𝑘 +𝑅𝑘−1 +𝑅𝑘. This approximate
PDF 𝑓∗𝑑𝑚,𝑛(𝑥) gives the mean and variance as follows:

E {𝑑𝑚,𝑛} = E {E {𝑑𝑚,𝑛 | V𝑛}} = E {V𝑛} = 𝐿𝑘,
VAR {𝑑𝑚,𝑛} = E {VAR {𝑑𝑚,𝑛 | V𝑛}}+ VAR {E {𝑑𝑚,𝑛 | V𝑛}}

= 𝑅2𝑘−14 + VAR {V𝑛} = 𝑅2𝑘−1 + 𝑅2𝑘4 .
(10)

These two statistics will be used to derive the perhop outage
probability in the next section.

4. Outage Analysis

4.1. Intercluster Outage Analysis. In this section, we derive
the probability that there is no reliable S2S LoS link between
the two SBS clusters S𝑘−1 and S𝑘. We define an outage, if
all the LoS S2S paths are blocked by obstacles. Let 𝑈𝑚,𝑛 be
a Bernoulli random variable as

𝑈𝑚,𝑛 = {{{
1, w.p. 𝑃LoS(𝑚,𝑛) = 𝑒−𝛽𝑑𝑚,𝑛 ,0, w.p. 1 − 𝑃LoS(𝑚,𝑛) = 1 − 𝑒−𝛽𝑑𝑚,𝑛 , (11)

where if 𝑈𝑚,𝑛 = 1, it means that the mm-Wave link between
SBS 𝑚 in S𝑘−1 and SBS 𝑛 in S𝑘 is reliable. Assuming that
blockage is impenetrable, as in [12, 14–16], an outage event
of the mm-Wave SBS occurs, if all 𝑈𝑚,𝑛’s are zeros. In other
words, if there is at least one LoSmm-Wave linkwith𝑈𝑚,𝑛 = 1
for any pair𝑚 and 𝑛, the mm-Wave communication between
the two SBS clusters is reliable. Therefore, the outage in 𝑘th
hop can be defined as𝑃out:𝑘

= ∞∑
𝑚=1

∞∑
𝑛=1

Pr [𝑈𝑖,𝑗’s are all zeros | 𝑀 = 𝑚, 𝑁 = 𝑛]
⋅ Pr [𝑀 = 𝑚, 𝑁 = 𝑛] + Pr [𝑀 = 0]+ Pr [𝑁 = 0] ,

(12)

where 1 ≤ 𝑖 ≤ 𝑚 and 1 ≤ 𝑗 ≤ 𝑛.

Following [12, 14–16], for analytical tractability, we
assume the outage events indicated by 𝑈𝑖,𝑗’s in (12) are
mutually independent for all 𝑖 and 𝑗. Strictly speaking, the
blockage events on different links are not always independent.
Therefore, as in [15, 16], the outage probability in this paper
may be a lower bound as a reference of system design and
analysis. However, we note that the numerical results in [12]
show that the error caused by the independent link assumption
is minor and acceptable in accuracy. With the assumption of
the independent blockage events, we have

Pr [𝑈𝑖,𝑗’s are all zeros | 𝑀 = 𝑚, 𝑁 = 𝑛]
= 𝑛∏
𝑗=1

𝑚∏
𝑖=1

E [1 − 𝑒−𝛽𝑑𝑖𝑗] = (𝐸 [1 − 𝑒−𝛽𝑑𝑖𝑗])𝑚𝑛 , (13)

where the distance 𝑑𝑖𝑗 between SBSs 𝑖 and 𝑗 fromS𝑘−1 andS𝑘
is a random variable with the approximate PDF in (9). Letting𝐴 = E{1−𝑒−𝛽𝑑𝑖𝑗}, it can be approximated by Taylor expansion
as

𝐴 ≈ 1 − ∫𝐿+𝑅𝑘−1+𝑅𝑘
𝐿−𝑅𝑘−1−𝑅𝑘

𝑒−𝛽𝑥𝑓∗𝑑𝑖𝑗 (𝑥) 𝑑𝑥
≈ 1 − (𝑒−𝛽E{𝑑𝑖,𝑗} + 𝛽22 𝑒−𝛽E{𝑑𝑖,𝑗}VAR {𝑑𝑖,𝑗})
≈ 1 − (1 + 𝛽2 (𝑅2𝑘−1 + 𝑅2𝑘)8 ) 𝑒−𝛽𝐿𝑘 ,

(14)

where 𝐿 = 𝑎𝑘𝑅𝑘−1 = 𝑏𝑘𝑅𝑘.Thus, the outage probability in (12)
is given by

𝑃out:𝑘 = ∞∑
𝑚=0

∞∑
𝑛=0

𝐴𝑚𝑛Pr [𝑁 = 𝑛]Pr [𝑀 = 𝑚] . (15)

Thus, we can interpret 𝐴 in (14) as the expected 𝑃out:𝑘, when
the number of SBSs in the two clusters is given (𝑁 = 𝑛
and 𝑀 = 𝑚). Unfortunately, it is difficult to obtain a closed
form expression of (15), but based on (14) and (15), we can
observe some important properties of the intercluster outage
probability 𝑃out:𝑘 as follows.
Property 1. For given positive 𝛽, 𝜆𝑘−1, 𝜆𝑘, 𝑎𝑘, and 𝑏𝑘, 𝑃out:𝑘 →1 as 𝐿𝑘 → 0 (because 𝑅𝑘−1 = 𝐿𝑘/𝑎𝑘 → 0 and 𝑅𝑘 = 𝐿𝑘/𝑏𝑘 →0) (as described in Section 2, we assume the two SBS clusters
are disjoint by 𝐿𝑘 = 𝑎𝑘𝑅𝑘−1 = 𝑏𝑘𝑅𝑘 with 𝑎𝑘 > 2 and 𝑏𝑘 > 2.
Thus, when 𝐿𝑘 → 0, the sizes of the two clusters also become
zero, which triggers an outage since the clusters do not have
any SBSs.). Moreover, as 𝐿𝑘 → ∞, 𝑃out:𝑘 → 1. This property
can be proved by 𝐴 → 1, as 𝐿𝑘 → 0 or ∞.

Property 2. For fixed 𝛽, 𝜆𝑘−1, 𝜆𝑘,𝑅𝑘−1, and𝑅𝑘, as 𝐿𝑘 increases
(i.e., 𝑎𝑘 and 𝑏𝑘 increase), 𝑃out:𝑘 increases, because𝐴 increases.

Property 3. When the other parameters are fixed, the greater𝛽 gives the higher 𝑃out:𝑘.
Property 4. As 𝜆𝑘−1 and 𝜆𝑘 increase, 𝑃out:𝑘 decreases because
the expected numbers of the SBSs 𝑀 and 𝑁 increase.
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Figure 5: Intercluster outage probability 𝑃out:𝑘 versus 𝐿𝑘.
Figure 5 displays simulation results of the intercluster

outage, where the horizontal axis indicates the hop distance𝐿𝑘, while the vertical axis represents the intercluster outage
probability 𝑃out:𝑘. Assuming 𝑅𝑘 = 𝑅𝑘−1, 𝜆𝑘 = 𝜆𝑘−1, and𝑎𝑘 = 𝑏𝑘, the solid line is the baseline, while the other three
graphs correspond to changes in 𝛽, 𝜆𝑘, and 𝑏𝑘, respectively.
We can observe all the four properties in Figure 5. To be
specific, all the four graphs in the figure are convex functions
of 𝐿, which corresponds to Property 1. Also, as described in
Property 2, compared to the solid line (i.e., the baseline case),
the dash-dot graph, which indicates the higher 𝑎𝑘 = 𝑏𝑘, shows
the higher outage rates. Property 3 can be observed by the
comparison between the solid and the dotted curves. Lastly,
Property 4 is found by the dashed line in the figure.

4.2. Multihop Outage Analysis with a Constant Hop Distance.
In this section, we extend the outage analysis to the multihop
wireless backhaul assuming the uniform SBS clusters (i.e.,𝐿𝑘 = 𝐿, 𝑅𝑘 = 𝑅, and 𝜆𝑘 = 𝜆 for all 𝑘). With this assumption,
the end-to-end outage probability in (1) between theMBS and
the 𝐾-th SBS cluster is simplified as𝑃out = 1 − (1 − 𝑃out:1) (1 − 𝑃out:𝑘)𝐾−1 , (16)

where 𝑃out:1 is the outage probability for the first-hop link
between the MBS and the first SBS cluster S1 presented in
[16] and 𝑃out:𝑘 is given in (15). Because the height of the MBS
is typically much greater than that of SBS, based on [12], we
need to use a smaller blockage parameter 𝛽 = 𝑐𝛽 for the first
hop, where 𝑐 < 1. Thus, 𝑃out:1 < 𝑃out:𝑘. When the end-to-
end distance between the MBS to the center of the 𝐾-th SBS
cluster 𝑂𝐾 is 𝐷, then the hop distance is 𝐿 = 𝐷/𝐾.

Figure 6 shows multihop simulation results with 𝑐 = 1/4,
where the 𝑥- and 𝑦-axes are the number of hops 𝐾 and the
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Figure 6: 𝑃out versus 𝐾(𝛽 = 0.02, 𝛽 = 𝛽/4, 𝜆 = 0.003, and 𝑏𝑘 =4).
outage probability, respectively. The three different curves
with the different markers (circle, 𝑥-marker, and triangle)
represent the outage probability results for 𝐷 = 2, 3, and
5 km, respectively. Also, the solid and dotted lines indicate the
outage probabilities for the multihop (MH) and the perhop
(PH) cases in (16) and (15), respectively. First, we can observe
there exists an optimal hop count, denoted as𝐾opt, minimizes
the outage probability for a given𝐷. By the exhaustive search,
we obtain 𝐾opt = 8, 12, and 19, for 𝐷 = 2, 3, and 5 km,
which means that the corresponding optimal hop distances𝐿opt = 𝐷/𝐾opt are almost the same for the three values of𝐷. Also, the outage curves for both the MH and PH have
the same 𝐾opt because of (i) almost negligible first-hop error
(because 𝛽 = 𝛽/4) and (ii) the same convex curves of 𝑃out:𝑘
for 𝑘 ≥ 2 as in Figure 6. Based on these observations, in the
next section we propose the suboptimal hop count �̂�opt by
mathematically deriving the suboptimal hop distance �̂�opt,
instead of the exhaustive search of 𝐾.

5. Suboptimal Hop Count �̂�opt

As shown in Figure 5, there is an optimal hop distance 𝐿𝑘
between two SBS clusters to minimize 𝑃out:𝑘. Assuming 𝑎𝑘
and 𝑏𝑘 are fixed, we derive the suboptimal 𝐿𝑘 by treating the
intercluster S2S path as two-hop link between the two SBS
clusters. For example, in Figure 3, suppose that we place an
imaginary relay at 𝑂 on the straight line connecting 𝑂𝑘−1
and 𝑂𝑘, assuming that the two clusters communicate with
each other only through the relay. Suppose that the outage
rates “from the left cluster to the relay” and “from the relay
to the right cluster” are 𝑃out:𝑎 and 𝑃out:𝑏 with the distances 𝑙𝑎
and 𝑙𝑏, respectively. Then, as finding the center of mass, the
best location of the relay 𝑂 corresponds to 𝑃out:𝑎 = 𝑃out:𝑏.
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Using the outage probability between SBS clusters to theMBS
in [16], 𝑃out:𝑎 and 𝑃out:𝑏 are expressed as

𝑃out:𝑎 = exp(−𝜆𝑘−1𝜋𝑅2𝑘−1 (1 + 𝛽2𝑅2𝑘−18 ) 𝑒−𝛽𝑙𝑎) ,
𝑃out:𝑏 = exp(−𝜆𝑘𝜋𝑅2𝑘 (1 + 𝛽2𝑅2𝑘8 ) 𝑒−𝛽𝑙𝑏) .

(17)

Therefore, when 𝑃out:𝑎 = 𝑃out:𝑏 , 𝑙𝑎 and 𝑙𝑏 are, respectively,
obtained as

𝑙𝑎 = 𝐿𝑘2 + 12𝛽 ln[𝜆𝑘−1𝑅2𝑘−1 (1 + 𝛽𝑅2𝑘−1)𝜆𝑘𝑅2𝑘 (1 + 𝛽𝑅2
𝑘
) ] , (18)

𝑙𝑏 = 𝐿𝑘2 + 12𝛽 ln[ 𝜆𝑘𝑅2𝑘 (1 + 𝛽𝑅2𝑘)𝜆𝑘−1𝑅2𝑘−1 (1 + 𝛽𝑅2
𝑘−1

)] , (19)

�̂�opt = −6 3√4𝑏𝑘2 + 8 3√9𝑏𝑘2 + 3√6𝑏𝑘4 − 39𝑏𝑘2 + 192𝑏𝑘 + 32 + 2 3√2(9𝑏𝑘2 + 3√6𝑏𝑘4 − 39𝑏𝑘2 + 192𝑏𝑘 + 32)2/3 + 16 3√4
3𝛽 3√9𝑏𝑘2 + 3√6𝑏𝑘4 − 39𝑏𝑘2 + 192𝑏𝑘 + 32 , (20)

where 𝑅𝑘−1 = 𝐿𝑘/𝑎𝑘 and 𝑅𝑘 = 𝐿𝑘/𝑏𝑘. If plugging 𝑙𝑎 and 𝑙𝑏
back into (17), the overall outage rate of the two-hop link with
the imaginary relay is 𝑃out:𝑘 = 1 − (1 − 𝑃out:𝑎)(1 − 𝑃out:𝑏). The
proposed suboptimal hop distance �̂�opt is 𝐿𝑘 that minimizes𝑃out:𝑘. In other words, �̂�opt corresponds to the solution of𝜕𝑃out:𝑘/𝜕𝐿𝑘 = 0, while 𝜕2𝑃out:𝑘/𝜕𝐿2𝑘 > 0. This suboptimal �̂�opt
can be readily obtained by numerical calculation for given 𝑎𝑘,𝑏𝑘, and 𝛽. If we assume the same SBS cluster sizes 𝑅𝑘 = 𝑅𝑘−1
(i.e., 𝑎𝑘 = 𝑏𝑘), we can obtain the suboptimal �̂�opt in (20).
Therefore, if the hop distances are the same with the uniform
PPP intensities (i.e., 𝜆𝑘 = 𝜆 for all 𝑘), the suboptimal hop
count to reach the distance 𝐷 is �̂�opt = ‖𝐷/�̂�opt‖, where ‖𝑥‖
means the nearest integer to 𝑥.

Figures 7(a) and 7(b) show the simulation results of 𝐿opt
and 𝐾opt, respectively. In Figure 7(a), the horizontal axis is
the blockage factor 𝛽, while the vertical axis is the optimal
and suboptimal hop distances 𝐿opt and �̂�opt. As shown in the
figure, both𝐿opt and �̂�opt, which are indicated by the solid and
dotted lines, decrease, as 𝛽 increases, because of the greater
blockage effects. Also, comparing the two graphs, �̂�opt < 𝐿opt
with the small gap in the entire range of 𝛽, which validates
the proposed suboptimal hop distance. In Figure 7(b), the𝑥-axis represents the distance 𝐷 from the MBS to the 𝐾-th
SBS cluster (i.e., the destination SBS cluster), while the 𝑦-axis
indicates the optimal and suboptimal hop counts 𝐾opt and�̂�opt, which are denoted by the solid and dotted curves. In
the figure, we can observe that𝐾opt and �̂� are almost linearly
increasing, as𝐷 increases. Also, with the small difference, we
observe that �̂�opt > 𝐾opt because �̂�opt < 𝐿opt. Thus, based on�̂�opt = 𝐾opt + 𝜖 with a small 𝜖, the suboptimal �̂�opt can be
used to reduce the exhaustive search range of �̂�opt.

Figure 8 shows the end-to-end outage probabilities versus𝛽, where the solid and dotted lines correspond to the outage
probabilities with 𝐾opt and �̂�opt, respectively. The markers

represent different 𝜆 and 𝐷. As shown in the figure, the gap
between the outage probabilities with𝐾opt and �̂�opt becomes
smaller as 𝜆 and 𝐷 decrease. Especially, when 𝐷 = 1 km,
the outage performance with �̂�opt becomes extremely close
to that with 𝐾opt as 𝛽 increases, which can be expected from
the simulation results in Figure 7(b).

6. Conclusion

In this paper, we study the outage performance of the
multihop wireless backhaul systems at mm-Wave in the
presence of the blockage effects. Assuming that multiple
SBSs are distributed in a cluster with the wired connection
to each other and considering the spatial diversity in a
cluster, the outage probability between two SBS clusters
is derived. Through analysis and simulation, it is shown
that there exists an optimal hop distance that minimizes
the intercluster (perhop) outage probability. Then, assuming
uniform SBS clusters we extend the perhop outage analysis to
the multihop scenario, where we find that there exist optimal
hop distance and hop count that minimize the end-to-end
outage probability between the MBS and the destination SBS
cluster when the end-to-end distance is given. Using the same
trend of the perhop and multihop outage performances with
respect to the perhop distance, we propose the suboptimal
hop distance and corresponding suboptimal hop count. The
suboptimal hop count shows a small gap to the optimal hop
count, which means that the exhaustive search range of the
optimal hop count can be significantly reduced. Potential
extensions of this paper include addressing a wider scenario
with dissimilar sizes and densities of the SBS clusters.
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