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Abstract: In this paper, a practical non-stationary three-dimensional (3-D) channel models for massive
multiple-input multiple-output (MIMO) systems, considering beam patterns for different antenna
elements, is proposed. The beam patterns using dipole antenna elements with different phase
excitation toward the different direction of travels (DoTs) contributes various correlation weights
for rays related towards/from the cluster, thus providing different elevation angle of arrivals
(EAo0As) and elevation angle of departures (EAoDs) for each antenna element. These include
the movements of the user that makes our channel to be a non-stationary model of clusters at
the receiver (RX) on both the time and array axes. In addition, their impacts on 3-D massive
MIMO channels are investigated via statistical properties including received spatial correlation.
Additionally, the impact of elevation/azimuth angles of arrival on received spatial correlation is
discussed. Furthermore, experimental validation of the proposed 3-D channel models on azimuth
and elevation angles of the polarized antenna are specifically evaluated and compared through
simulations. The proposed 3-D generic models are verified using relevant measurement data.

Keywords: 3-D massive MIMO channel modeling; antenna elements space; elevation angle of
departure; elevation angle of arrival; azimuth angle of departure; azimuth angle of arrival

1. Introduction

Massive multiple-input multiple-output (MIMO) technology has gained lots of attention over
the past decade since it provides improved link reliability and high system capacity without extra
spectral resource. Towards the emergence of the fifth-generation wireless communication system,
massive MIMO systems equipped with tens or hundreds of antennas have emerged to meet the
increasing data-rate and high spectrum efficiency. In [1-3] massive MIMO systems with the increased
number of the antenna was proven to give many benefits and advantages, such as increased channel
capacity and reduced cost of implementation.

In designing and evaluating massive MIMO systemes, it is necessary to have an accurate and
efficient massive MIMO channel model. Recently, several actions had been proposed which gave
way to important channel models both for MIMO and massive MIMO. A lot of models classified
more 2-D channels with a smaller number of antennas, such as [4], without considering the impact of
antenna array on channel modeling. Many researchers have chosen the geometry-based stochastic
model (GBSM), known as the ellipse model and one/two ring model in [5,6], where the scatters
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were distributed in regular shapes. Thus, the geometrical relationship between the scatter and the
receiver (RX) determines the channel impulse response of these channel models. Very recently, the
authors in [7] conducted a survey about MIMO on channel propagation models and signal processing
single-cell/single-user. Although, in [8], a non-stationary model for massive MIMO communication
systems was proposed; the work was based on a 2-D non-stationary multi-confocal ellipse model.

In [9,10] the works were based on the 3-D theoretical channel model. The authors assumed an
infinite number of effective scattered with resulting infinite complexity that can hardly be put into
practical use. The authors in [11-13] analyzed time-variant geometric properties such as angle of
arrivals (AoA) and angle of departures (AoD), taking into account non-stationeries on the time axis.
In [11], for an instance, they analyze shortcomings of a selected spatial channel model standard with
respect to the identified requirements from other WINNER Work Packages. In [12], the model enables
the simulation of the pure propagation channel behavior and the inclusion of the effects of different
antennas and access schemes. In [13], the intra-path delay spread is considered which is the distance
between user equipment (UE) and the last bounce scatter of each path for time-variant phases.

A 3-D non-stationary twin-cluster channel model was proposed in [14] for massive MIMO
systems considering their variation on both time and array axes. However, the impact of the cluster’s
appearance and disappearance in the elevation angles was only capable of a near-field condition based
on the spherical wavefront. In [15], the author investigated antenna configuration and polarization for
MIMO channels, without considering correlation at the antenna arrays for massive MIMO. In addition,
in [16], the authors considered polarized antenna without investigating the antenna element spacing.
Furthermore, the work in [17] was based on the multi-polarized fixed wireless channel based on 2-D
omnidirectional antenna elements.

To further enhance performance, the actual trend is to exploit the channel’s degree of freedom
in the elevation direction [18]. However, according to measurements observed in [19-22], the above
mentioned channel models [1-17] are not sufficient accurate to capture certain characteristics of
massive MIMO channels. Generally speaking, previous contributions on channel modeling have been
surveying many subjects without tackling the capture of characteristics of 3-D massive MIMO channels
in the far-field. Based on these references, we shed light on the current technique to develop a clearer
understanding of the movement direction of the antenna array, space between antenna elements and
cluster movements. Prior to this, one of the reasonable ways to extract an additional degree of 3-D
massive MIMO channels in the far-field is to adjust the beam pattern in the vertical direction for each
individual user to improve the signal strength at the receiver.

To improve the 3-D massive MIMO for the far-field effects, three important aspects should be
considered to provide an accurate channel modeling in practice.

First, nowadays, 3-D channel models show that spherical/plane wave-fronts cannot fulfill the
elevation angles with an increased number of antenna elements at a wider space, especially when the
user is in the same azimuth angle but at a different elevation. The 3-D beam pattern which is known to
provide higher elevation angle is therefore proposed instead of spherical wavefronts. Based on the
distance between transmitter (TX) and RX and increased dimension of antenna, spherical waves are
emitted in a spherical shape and are considered as a plane wavefront. So, this paper contributes a
phenomenon to investigate the beam waves to provide higher elevation angle is therefore proposed
instead of spherical/plane wavefronts. Considering this fact, a 3-D massive MIMO in the far-field is
assumed such that the phase of each antenna element is determined by the geometrical relationships
and EAoAs and EAoDs on the antenna arrays are equal to each antenna element with same power
angular spread (PAS). This fact is only possible in the theoretical view if we assumed that the wavefront
for each wireless link is spherical. Therefore, in this paper, beam patterns with different PAS were
considered to provide various phase excitations for different EAoAs toward different directions of
travels (DoTs) on the antenna array with the higher degree of freedom on both the TX and RX.

Second, in the massive MIMO antenna, an increase in the dimension of antenna array results in
the high correlation between the antenna elements and inaccuracy of channel coefficients. Therefore, for



Sensors 2018, 18, 1186 3of 21

the sake of massive MIMO system design and performance evaluation, it is indispensable to investigate
the correlation between antenna elements. This leads us to utilize the spaced rectangular antenna array
(SRAA) and spaced uniform linear array (SULA) on received spatial correlation (RSC), considering
various elevation angle of arrivals (EAoAs) and azimuth angles of arrivals (AAoAs) for the different
antenna elements. This technique provides more accuracy in generating the channel coefficients for a
massive MIMO system, where all the antenna elements need to be addressed uniquely at the antenna
array to recognize their paths from the elements to the clusters. Antenna element spaces (AESs)
technique is an inter-element spacing where the SRAA and SULA are divided into the number of
antenna elements in the horizontal and elevation direction of the dipole and omnidirectional antennas.
This technique can also be used for any arbitrary choice of the antenna pattern and distribution of
azimuth and elevation angles for the polarized massive MIMO antenna with the different configuration
of vertical (V), horizontal (H), and Dual (V/H) polarizations as shown in Figure 1.

Third, the appearance of clusters on the antenna array is another important characteristic of
massive MIMO channel models. In conventional massive MIMO channel models, it is assumed that a
cluster is always observable to the entire antennas elements. This model, on the other hand, proposes
a non-stationary model based on the movement of the user where the cluster may appear as at least
one antenna element and its adjacent elements.

In this paper, we first give a comprehensive survey of the antenna campaigns conducted in
different polarization patterns for different scenarios and address the recent advances of the LTE
antenna pattern. Then, we propose a framework for deriving the statistical properties of these channels.
This channel model is developed aiming to capture the far-field effects with beam pattern antenna
arrays and non-stationary properties of clusters on both the time and array axes. Scenarios have a
close relationship with channel modeling and measurements.

Note that the measured data is based on the LTE specification as shown in Table 1, such as: using
duplexing schemes as time division duplex (TDD) and frequency division duplex (FDD), with 10 (MHz)
channel bandwidth, 1024 Sub-carriers, 80, 72 normal cyclic prefix length, 140 symbols, 50 Resource
blocks for transmission block configuration, quadrature phase-shift keying (QPSK), 16-quadrature
amplitude modulation (QAM) modulation schemes and orthogonal frequency-division multiplexing
(OFDM) for multiple access schemes.
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Figure 1. Detailed of antenna configuration Xp,;, V, H, and V/H polarizations of an antenna elements
in the horizontal and vertical angles.
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Table 1. Parameters for measurements.
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Parameters Values
Frequency range 2.620-2.630 (GHz)

Duplexing TDD and FDD
Channel coding Turbo code

Channel bandwidth 10 (MHz)
FFT size 1024 sub-carriers
CP length 80, 72 normal
Total symbols 140s

TX block configuration 50 Resource blocks
Modulation schemes QPSK and QAM
Multiple access schemes OFDM

The major contributions of this paper are summarized as follows:

e  The impact of beam patterns has been proposed for 3-D massive MIMO channel model for
different dipole and omnidirectional antenna elements. Therefore, the beam pattern provide
different phase excitation towards different DoTs in the far-field. Given that, it also provides
various AoDs and AoAs for each antenna element, contributing different correlation weights for
rays related towards/from the clusters. As far as the author’s knowledge is concerned, a practical
3-D channel model for massive MIMO using beam pattern assumption in the far-field has not
been considered, yet.

e A closed-form expression for AES has also been studied to reduce the RSC in the horizontal
and elevation directions of the antenna array that can be accurately represented as an important
aspect of a polarized antenna in 3-D space. Therefore, to design and evaluate a massive MIMO
system, the investigation of correlations between antenna elements are necessary. This fact is
possible in utilizing the SRAA and SULA, where all the antenna elements need to be addressed
uniquely at the antenna array for investigating received spatial correlation. In fact, the model
is providing an accurate observation to investigate the received spatial correlation based on the
antenna polarizations.

o  The movement of the user and clusters make our channel non-stationary which is applied to both
time and array axes. It means that the behavior of the clusters varies at different times of EAoAs
and AAoAs. Therefore, receiving clusters are observed to at least one antenna element and its
adjacent elements depend upon their distance to the clusters at the RX. A novel cluster evolution
algorithm in the system level is developed in the antenna pattern.

e  The impact of the 3-D beam pattern channel model and elevation angle of the aforementioned
channel properties is being investigated by comparing it with those of the 3-D conventional
channel model. Statistical properties of the proposed massive MIMO channel model such as
ECC and RSC, including signal-to-noise ratio (SNR) of the non-stationary channel model, were
investigated. The proposed model has been valid for the far-field effects on the massive MIMO
scenarios at the cell edge and the result looks convincing. This might provide a more accurate
model for the current LTE-A system. Our good implementation models substantially facilitate
the implementation of further techniques for different modeling, especially for massive MIMO
antenna where the antenna space will affect the MIMO performance.

This paper is organized as follows: Section 2 proposes the extension of 3-D massive MIMO
antenna pattern considering both a 3-D beam pattern and the spaces between elements. This includes
geometrical properties derived under the 3-D beam pattern as well as the AES technique which
describes different configurations on the array axis, in practice. Section 3 presents the steps
and methodology in generating a complete 3-D beam pattern channel model. In addition,
the received spatial correlation in detail for massive MIMO systems is contained in Section 4.
Furthermore, Section 5 shows the simulation results and conclusions are finally drawn in Section 6.
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2. 3-D Antenna Configuration

In this section, 3-D massive MIMO antenna system contributes beam pattern being proposed,
where the type of antenna polarization decides the pattern of the beam and polarization at the TX and
RX. In addition, the AES is also localizing each antenna element in the horizontal and vertical direction
with different polarizations. Prior to this, the channel’s elevation degree of freedom in vertical angle
can be more exploited and the transmit power can be more concentrated heading to the user.

2.1. 3-D AES and Antenna Element’s Positioning

Let us now consider an LK transmit antenna which is composed of [ = 0,..L —1 and
k=0, .., K —1identical antenna elements, which is indexed by /;;, row and k;, column, respectively.
Similarly, L'K’ receive antenna which is composed of I’ =0, ...,L’ —1and k' = 0, ..., K’ — 1 identical

antenna elements, where index by [}, row and kj, column. The outgoing/incoming wave directions
are fixed along y axis and the antenna arrays are fixed at x and z axes both for TX and RX. Prior to this,
(OEAoD, PAaA0D) and (OEa0a, PAn0a) are the elevation and azimuth angles for TX and RX, respectively.
In the SRAA at the base station (BS) and SULA, the minimal distance between antenna elements denote
as dB5 and dYE, respectively. In Figure 1a, Ik is a point of (x,,z) of the distance above the origin
O from an array at the (x,z) axes and the distance vector between the TX and RX is D = (D, 0,0).
The calculation of the antenna element’s positioning, considering different antenna polarizations, can
be expressed as follow sub-sections.

2.1.1. Transmit Antenna Configuration

Massive MIMO with dipole antennas are crossly implemented at the TX. The 3-D
Cartesian coordinate systems py; with Xy = (Xmn, Ymn, Zmn) spherical coordinate of a point,
where X1 = Pmn SiNPaA0D COSOF AoD, Yimn = PmnSINPAAD SINOE 4D, and Zyu = Pmn cOSOFAoD-
However, antenna element’s point of SRAA can be obtained from its Cartesian coordinates (x, y, z) by
the formula

Pmn = \/X%L'rl + y%mz + 2%1,11 (1)

The position of two individual antenna elements, one indexed by Ik and the other one indexed by
(mn) at the TX can be computed as

o, = \/(xmn = x110)? + (Ymn — Yie)?* + (Zmn — z1x)? )

2.1.2. Receive Antenna Configuration

Similarly, in the user side, there are three types of antenna configurations using
omnidirectional antenna with V, H, and V/H polarizations for SULA. The 3-D Cartesian
coordinate systems /., with Y, = (Xp 0, Y/ w'sZm ) spherical coordinates of
a points, where X, = pp . SINPAAACOSOEAA, Yw = Pt SIMPAAASINTEAA,
and z,y 0 = Oy COSOVpaoa. Therefore, antenna element’s point of SULA for V polarization
can be obtained from its Cartesian coordinates (x,y,z) by

1%
Pm/,n/ = \/O + y%ﬂ,n’ + Zgn/,n’ (3)

The position of two vertical antenna elements, one indexed by Ik’ and the other one denote by
(m'n’) at the RX can be computed as

dyt = \/ 0+ Wmiw — Yo )* + Ztw — zip)? @
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In addition, antenna element’s point of SULA for H polarization can be obtained from its Cartesian

coordinates (x,y,z) by
pg/n’ = V x%ﬂn’ +y$n’n’ +0 ®)

The position of two horizontal antenna elements, one indexed by I'k" and the other one indexed
by (m'n’) at the RX can be computed as

dYE = \/(xm/n/ — xl/k/)z + (Y — y]/k/)z +0 (6)

Furthermore, antenna element’s point of SULA for V/H polarization can be obtained from its
Cartesian coordinates (x,y, z) by

Prvn//nl;l = \/xzn/n/ + yfn/n/ + Zi/n/ (7)

The position of two vertical /horizontal antenna elements, one indexed by I'k’ and the other one
indexed by (m'n’) at the RX can be computed as

dyju = \/ o = X0 )? + Ymw — Yo )* + (2w — 20k )? ®)

The polarization vector at angle a from the z axis in Figure le, has vertical and horizontal
components of the antenna pattern, by expressing the response vector x in its ¢ and ¢ components [4]
which are proportional to

UE _ X?,k, __ |cosasin® + cosacos @ cos ¢ ©)
Av X;’fk, sina cos ¢

where x? and x? are the ¢ and ¢ polarized responses of the antenna at the wave direction of
[sin ¢ cos U, sin @ sin ¥, cos 8] for the incoming wave in the response of the antenna.

To elaborate the steps and methodology in generating a complete 3-D channel model for massive
MIMO systems, considering the beam pattern for different polarizations. The channel impulse response
between the lky, and the Ik}, antenna element both for line-of-sight (LOS) and Non-line-of-sight
(NLOS) can be presented as

I
[H] ;e (8, 7) = aroshros i (F) + Y aihi e (8, T) (10)
i

where « is the complex amplitude of the LOS path of ;g i ¢ (t), and NLOS components, path i,
wherei =1,...,I of hi,lk,l’k’(tl T).
Based on the Equation (10), the effective 3-D radio channel can be derived as [18]

[H]pirie (£, T) = aL0s \/Sf(q)Los/ O10s,0"1") \/87(%05, 105, 9" )y (9Los, BL0s) X (11)

I
dn(¢ros, Oros) + ) ai(t, T) \/gf(% 0;,01") \/87(% O, 01 )dpge (@i, 9;) X dnc(pi, 0;)
iz
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[H] e (£,T) :“Los\/gf(¢Los,9Los,9”“) X dpe($,0)xp,, \/gr(mos,ﬁws/ﬁ””) X dpp (@, 0)y +

LOS
I
2 gt(¢i, 0;, ptlt) x dr (¢, G)sz g’”(?’z/ﬁwﬁhlt) x dpp (@, 0)y (11.1)
NLOS
[H][{ e (8, 7) :D‘LOS\/gt(QbLOS/eLOSretilt) X (¢, 0)xp, \/8V(§0Los,l9Los/19ti”) X dp (9, 8)H +
LOS
I .
Yo wi(t, )/ gt(¢i, 0;, 011) Xl (@, 0) xp,0\/ 87 (@i, By, B11E) X e (9, 9) 1 (11.2)
i=1
NLOS
[H],Vk,/lﬁf/(t, T) ZDCLos\/gf(¢Los/9LOS/9””) X di(¢,0)xp, \/gV(GDLos,ﬁLos/ﬁ””) X dp (@, 9) v/ +
LOS
I . .
a;(t, T)\/ gt(i, 0;, 011) X Gy (§,0)x,, 1/ &7 (@i, 03, 01) X Gy (@, O)yy (11.3)
i=1
NLOS

where (¢, 0) are the azimuth and elevation AoD and (¢, @) are the azimuth and elevation
AoA and 60, 9"!* are the elevation of the antenna boresight for both TX and RX, respectively.
According to the 3-D antenna beam pattern and considering the signal direction of ¢, 6 and
@, ¥ on the antenna arrays, the global patterns for the NLOS components can be represent
s \/8t(¢i, 6;,0'1) ~ gtF (¢1), gty° (6:,0"") and \/gr(gs, 8, 041t) = grifF (¢y), griyf* (9;, 9"") for the
iy, path of horizontal and vertical pattern at the TX and RX, respectively. In addition,
in similar way, the 3-D antenna beam pattern on the antenna arrays, the global patterns for

the LOS component can be represent as \/gt(4>LOS,GLOS,Gfi”)zgtgs(¢Los),gt€5(9ws,9””) and

\/ gr(@ros, Oros, 01!t) ~ griiE (91 0s), griE (8105, 9'*) for the horizontal and vertical pattern at the TX
and RX, respectively. Furthermore, vector d(¢;, 0;), dyp (@i, 9;) and dj (¢pros, 0ro0s), &y (@Los, OLos)
are the array responses of the TX and RX antennas for LOS component and NLOS components,
respectively, by expressing the response vector x of Xp,;, V, H and V/H antenna polarizations in
Equations (2), (4), (6) and (8) whose entries are given by

(9,0 = Xl ] exp (isme(1k = 1).d55,) (12)

dpp (@, 8)y = [kafxpk/} exp (jsl’k’(l,k/ - 1)~dgE) (13)

i (9,9)n = [xbxf | exp s (K = 1) difF) (14)

. )(‘9

dp (9, 0)v/n = 0| P (jspw ('K —1).dy75) (15)
k!

where () is the scalar product, dl;(iaz is the location of lk;, antenna element at the TX,
and (dUE ddE, d‘L/IfH) are the locations of I'k}, antenna element at the RX. Also sy, and s; are the TX
and RX wave vectors, respectively, where sj;, = w%y and sy = % yA’ with A is the wavelength of the
carrier frequency and outgoing wave 7 is equal to (sin 6 cos ¢ sin 6 sin ¢ cos #) and incoming wave ’ is
equal to (sin @ cos ¢, sin @ sin ¢ cos ¥) which are the directions of wave propagation in the response
of the TX and RX antennas, respectively. Elevation angles (6, ¢) are defined between 90° and —35°,
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azimuth angles (¢, ) are defined between 30° and 150° at the TX and RX, respectively. w is the beam
weight with /k;;, antenna element.

2.2. 3-D Beam Pattern

To make it easier for the reader to understand the use of the 3-D beam pattern technique in
practice, we are going to investigate the use of 3-D antenna beam pattern, where different TX signals
are fed to all the antenna elements with corresponding weights. However, we are interested in the
channel between the TX antenna elements and RX antenna elements. The combination patterns for the
transmit antenna array in dB are as follow [18]:

ABS(9,0,0') = GES,,. — min (— [ABS (¢) + AB° (6, 9“’”)],20), (16)
where
. 0 — Gtilt 2
ABS (6,0 = —min |12 5 ,20| dB, (17)
3dB
2
ABS(¢) = — min [12 (4’) ,20] dB. (18)
3dB
Therefore, the horizontal and vertical patterns at the TX can be approximated as
) o — etilt 2
gty (0,6"") = —12( ) dB, (19)
0345
¢ 2
gt (p) = 12() dB. (20)
$34B
where, Ggsm o 18 the gain of the radiation element, which are assumed to be 7 dBi at the TX for

each antenna elements. AB’(¢) and ABS (6, 6'!") are horizontal and vertical patterns at the TX. The
individual antenna radiation pattern at the UE gri/E (¢, 0'!t) and grllE () is taken to be 0 dB.

Given the antenna configuration in Section 2.1.2 and the effective radio channel between
TX and RX in Equation (11) for different antenna polarizations, can be hence be written as
Equations (11.1)—(11.3).

3. A Practical Non-Stationary of 3-D Massive MIMO Channel Model

3.1. Generation of the Cluster/Channel in System Level

In this section, some important characteristics of the outdoor massive MIMO channel model
for the far-field effects needs to be investigated, such as the distance between TX and RX, cluster
generation and the appearance on the antenna array, movement direction of clusters and movement
direction of antenna arrays. In Figure 2, all the details and dimensions of the non-stationary
communication scenario for LOS component and NLOS components are shown. In addition, we
implemented different effective scatters around the TX and RX. We also used a spherical model for
dipole antenna elements at the TX and a spherical model for omnidirectional antenna elements at the
RX to minimize cluster-dispersing under the beam pattern assumption. Regarding the non-stationary
channel modeling, we need to distinguish the moving user in a cell, stationary of TX and random
roadside environment (building, trees, cars, etc.). Therefore, to generate the channel coefficient, two
parts must be modeled from the TX to the RX such as (a) toward the outdoor cluster at the TX, and
(b) toward the receive antenna elements.
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Z DR% w(t+ AL

Figure 2. A more detailed of field experiments of the beam pattern using spherical coordinate system
for non-stationary massive MIMO channel.

3.1.1. Generating the Clusters at the Transmitter

Let us denote the gt = {1, ..., Qt}, where Qt is equal to Cluster; = Qt(t + At) as total clusters,
in which i1, path from [k, transmit antenna element is add up with time (t + At). In other words,
the first path from (0, 0);;, antenna element with time t is add up to the nearest cluster. Additionally,
the rest of the paths from Ik, adjacent element calculating with distance 45° are add up with succeeding
time instantaneously (At) to the same cluster.

3.1.2. Toward the Receive Antenna Elements

gty cluster will be observed to the gry, cluster at the RX. gr = {1, ..., Qr}, where Qr is equal to
Cluster; = Qr(t + At) as total clusters, in which arrive to the I'k’y;, antenna element with time (t + At).
Similarly, the first cluster with time # is arrived to the (0, 0), antenna element via i, path. Additionally,
the rest of the clusters are arriving to adjacent element with succeeding time instantaneously (At)
calculating with distance dYE. As an example, cluster gt1 is observed to the cluster qr1, where gr1 is
observed at the RX via iy, path to the (0,0),, antenna element and so on.

To perform the evolution of outdoor channel coefficient, the clusters in the set of
(Qt(t+ At) N Qr(t+ At)) are generated based on the outdoor cluster evolution for outdoor
communication. Based on the outdoor model, (Clg”t) is the total number of clusters, wheren =1, ..., N
cluster for outdoor communication can be expressed as

LK LK’
CIot = card( U U (Qt(t + M) () (Qr(t + At))) (21)
=11k =1

where the operator card (.) denotes the cardinality of a set [8,14]. The operator card CI9*, each cluster,
say Cluster, (n = 1, ..., CI5"") is for outdoor models.

Based on the above analysis and the summary of key parameter definitions in Table 2,
the massive MIMO channel matrix can be expressed as an LK x L'K’ complex matrix
H(t,At,T) = [hypp (t+ A, T)] k< x-  The amplitude complex gains between the lky, antenna
element at the LK transmit antenna, Ik}, antenna element at the L'K’ receive antenna and the delay T,

can be represented as
ciget
Hlk,l’k’ (t + At, T) = 2 hlk,l’k’,n(t + At)(S(T — Tn) (22)

n=1
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if the Cluster, € {Qt(t + At) N Qr(t + At)},

) ep(jOll) 0
61171\/TD35 o (t+At) X a(¢,0 X LOS ) X
( )V o1 Dol ) (¢,0) 0 exp(j®)
LOS TX distance vector ~ LOS TX array response

LOS random phases
E a Ay B
Dgos,iz,szf(f +A) X dp(e9)  +/E Tl Dnﬁl,lk(t +At)
N—— S—— e ——
Hn,lk,l’k’ (t + At, T) = LOS RX distance vector ~ LOS RX array r%'spzf:ri)st’ . NL?}SI TX distance vector , (23)
X ﬁ(¢ O)Ik exp(]q)”, 2’1' X exp({jp”, )
—_—— VX7 exp(jOIY) exp(j@y")

NLOS TX array response

NLOS random phases
UE =
Dyt +At) % app (@, 9)
——

[ ——
NLOS RX distance vector ~ NLOS RX array response

where G is the Rician factor and A, is the power of the ny, cluster,
Otherwise, if Cluster, ¢ {Qt(t + At) N Qr(t+ At)},

Hn,lk,l’k’ (i’ + At, T) =0 (24)

The calculation of complex gains for an outdoor model and description of the parameters in

Equation (24) can be divided into NLOS components and LOS component both for TX and RX
antenna arrays.

1.

NLOS: The lky;, transmit antenna element vector d(¢, 0); obtaining by Equation (12) in Section 2
and the vector between ny;, cluster via i1y, path DE“Z i (t + At), and the vector between the 1y,

cluster and the transmit antenna array D2 5(t) at the TX can be given as

sin 249D (t 4 At), cos OEAD (t 4- At)

n!illlk Vl,il,lk

D3 (t+ At) = DS (1) | sing19P (¢ + At), sin 05490 (£ + At) (25)

}’l,il,lk n!illlk
EAoD
cos 0, (t + At)

Similarly, the Ik, receive antenna element vector d(¢, ¢); and the vector between ny;, cluster
via ipy, path Drbzli e (t+ At), and the vector between the 1y, cluster and the receive antenna array
DYE(#) at the RX can be presented as

. T
sin q)f’g,“l,f}(, (t+ At),cos 195,‘2‘,’;‘](, (t+At)

DI (t+At) = DIF(t) [ singfoGn, (¢ + At), sin 8F20% (¢ + A) | +D (26)
cos 1952%(, (t + Ar)

Then, the four random initial phases for ny, cluster are derived as

exp(jO”) VX exp(j@o™)

27
VR exp(i0l ) exp(jol) 7

where VX" and v/ X? are inverse crosses polarized for Xp,; (vv/hv and hh/vh) transmission,
respectively. j = v/—1 and <I>,(10’U), @,(f"h), CIDSZh’U), <I>,(1h'h) are the four random initial phases of
different polarization combination.
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2. LOS: The lky, transmit antenna element vector d(¢,0);; and the vector between LOS;;, path

D% i, ik (t + At) can be expressed as

.+ AAoD EAoD T
sin (PLOSO,il,lk(t + At), cos GLOlS),il,lkU + At)

B . .
DY (t+ At = | singf5eD | (¢4 At),sin 65590 | (t+ At) (28)

EAoD
cos 0587 (t+At)

Similarly, the I'k’y, receive antenna element vector d (¢, 9) and the vector between LOSy;, path

D%S,ill,,k, (t + At) can be presented as

i T
sin q)fgg,ﬁ/,/k, (t+ At), cos ﬁfégf?l,l'k/ (t+ Ab)
Dggs,il,l’k/(t + At) = |sin (Pfggﬁ,l’k’ (t + At), sin ﬂfgg,l?l,l’k’(t + At) +D (29)
cos OFALA 1 (t+ At)

Then, the two random initial phases for outdoor LOSy;, cluster is derived as

P/ ®10s) .0 hh (30)
0 exp(]CDL’OS)

where CI>(LUC’)U), CID(LhO’hS) are two random initial phases of different polarization combination.

Table 2. Summary of key parameter definitions.

Parameters Values
6,9),(9, ) elevation and azimuth angles of the departure and arrival, respectively
DE?1 i (E+At) distance vector between ny, cluster and lky, transmit antenna element
via i1, path
DES (1) distance vector between 1y, cluster and transmit antenna
D}Lfi e (E+At) distance vector between 1y, cluster and I’k’;;, receive antenna element

via iy, path

DYE(t) distance vector between 1y, cluster and receive antenna

ngs,il,lk(t + At) distance vector between LOSy, path and /k;;, transmit antenna element

Dggs Wk (t+ At)  distance vector between LOSy;, path and k', receive antenna element
a(¢,0) i, d(e, ) pp array response of the TX and RX, respectively

The generation of the cluster for each antenna element of the non-stationary process is based on
the array-time evolution of clusters and can be divided into generation of cluster for each antenna
according to Equation (22), and the second part is an updated model of geometrical relationships with
respect to the movements of the receiver and clusters determines all parameters for each cluster. In the
first part, the contribution of the models not only the appearance and disappearance of the cluster on
antenna arrays, but also non-stationary behaviors of the clusters on the time axis. The array-time cluster
evolution is describing based on the algorithm where assumed per meter as the number of clusters,
and the initial cluster sets of the first transmit and receive antennas based on the Section 2, at the initial
time ¢, then, the cluster sets for (Qf(t 4+ At) N Qr(t + At)) for both TX and RX recursively generate
the cluster sets of the rest of antenna elements at the initial time instant ¢ and A. Then, the cluster sets
indices are reassigned from 1 to cluster,.
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3.2. Delay of the Clusters

The next step, the delay of the ny, cluster for our proposed model, is based of the two components.
The first component is according to the geometrical relationship between the transmitter-receiver
arrays and cluster locations and the second component is the delay of the virtual link between two
observed clusters at the TX and RX. Then, the delay of the ny, cluster 7, (¢) can be formulated as [14]

_ DR ||+ 11 DE) |l

T (1) c

+ Ty (1) (31)

where the delay of the virtual link is 7, (f) is according to the uniform distribution U(D/ 4, ), and
Timax is the maximum delay equal to 1845 ns for NLOS [23], and c is the speed of light. Similarly,
the delay of the ny, cluster at t + At is expressed as the sum of the updated of the two-geometrical
relationship and virtual link components between two observed clusters at the TX and RX.

DS(t+A DIE(t+A
N R LY (32)

To evolute of the virtual link, its delay T, (f 4+ At) is based on the first-order filtering algorithm
as Ty(t+At) = e (A/Q)z,r) + (1 — e (A/{)) X where X is according to the uniform distribution
U(D/¢x,,,), C is the coherence of a virtual link and scenarios [14].

3.3. Energy Transferring

Next, let’s consider the energy transferred between a transmitter and a receiver. A transmitter
emits energy over time and the energy emitted per unit time is the power watts. If the transmitter is
emitting radiation equally in all directions with power Pr;, then the flux F; at a distance R from the
transmitter is simply:

_ P
' 47R?

(33)

4. Received Spatial Correlation

In practice, the channels between different antennas are often correlated, and therefore,
the potential multi-antenna gains may not always be attainable [24]. We focus and analyze the
spatial correlation of the receivers, including the effect of antenna polarization based on the practical
multi-path wireless communication environment. We will then investigate and minimize such
correlation at the RX by considering the AES to recognize the antenna element and its adjacent
antenna elements from different polarization as well as changeable of the space d". Tt is because of
this purpose, in this paper, we developed the RSC based in [25]. For the received signals with the mean
AAO0A (9) and EAoA (), the difference in their distance traveled is d/f, dYE, and d%,”; 1 for different
polarizations. In addition, we are applying correlation for all possibilities antenna configuration for a
given beam pattern. Let « and f denote the amplitude and phase antenna.

Therefore, their impulse response for V polarized elements can be represented as

ha(gv, 8v) = ael\/P(py, By) (34)

hy(pv, 8v) = ael+ e IR =145, /(g 8y) (35)

where \/P(¢y, dy) denote the PAS for V polarized.
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In addition, their impulse response for H polarized elements can be given as

ha(@m, 1) = Mjﬁ\/ P(¢H, OH) (36)

hy(@w, 01) = el B (s ('K =1).d5F) P(¢w, 05) (37)

where \/P(¢p, 9y ) denote the PAS for H polarized.
Furthermore, their impulse response for V/H polarized elements can be represented as

ha(@v .8y 1) = adf\/P(@y 1, 8y /1) (38)

hy(@v/u, Oy ) = el P+ (S K =1)-7) P(¢v/m, v /H) (39)

where /P (¢y,p, %y, 1) denote the PAS for V/H polarized. Next, let us define a RSC function with
the mean EAoA and AAoA of ¢ and ¢ in two antenna elements spaced apart by d“F + i as

Pi 90,00 = E Lhalov, 0v)} {hy (pv, 0v)} = [, f% ha(@v, 8v)hy (@v, Bv)P(@ — @) P(0 — do)dpdsy  (40)

Paiong0 = E {halor 0n)} {hy(9r, 00) } = [ 7 [on ha(r, 8) iy (@11, 0)P(9 — 90) P(8 = Bo)dgdy  (41)
P, = E{ha(ov b, v m)} {ly(pv/m 0vm)} = 7 J2x haov /b, v )l (9v /b, v /) (42)
P(¢ = 9o) P(9 — Bo)dydy
However, in a non-stationary channel, EAoA, AAoA and angular spread (AS) are not equal to 0°.
There is a time difference between h, (¢, ®) and h;, (¢, ®) for V, H, and V/H polarized elements due to
the Doppler Spread. In Figure 3 shows the phase difference between antenna elements under the DoT
variations. This yields the following spatial correlation function for the SULA as

08 gy 88) = E {ay (9,90} {1, (8, 9) } = [ [ halgw, 8v)I; (v, 8v)P(p — 0)P(8 — B0)ddy

| (43)
ZnNzl e(]Suk/(I/k/_l).dgEHyHAt/ cos(ﬁ)AoA_(lg)v)
Pt g0, (B = E {lta, (6, 9)} {th(ﬁ, (P)} =/ fé ha(@r, Op)h3 (@r, 0)P(@ — o) P(9 — 89)dpdys (44)
ZHN:1 E(]‘Suk/(l/k/,l).dgEHvHAt/ Cosw)AoA*(ﬁ)p)
Pt‘i/,g/vgﬁo(t +At)=E {hﬂV/H(ﬁl (P)} {hZWH (9, (P)} - ffn f; ha(@v 1, 19V/H)hZ(§0V/H, Ov/H) )

Plg — go)P(8 — Bo)dpdg TN, o Uisin ('K =1)dlf%, oA cos(8) aoa—(0)o)

where (8, ¢), and || v || denote the DoT and mobile speed for different polarization, respectively.
In case when DoT=90°, the Equations (43)—(45) can be re-organized to

N 5 1.1 .
0¥ g (14 8t) = 3 el UKD ol sin (@) 401) o)
n=1
H - (]’s/ ('K —1).dUE||v|| sin(9) 5 A)
Pl o0, (t+ 08 = Y el u , )
n=1
Y/ o (isyio (VK —1).44E, 0] sin(8) s )
Pd,¢0,00(t+ At) = Z eIk AV /H AoA (48)

n=1
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According to the above procedure of channel modeling, generating the realistic channel coefficient
to evaluate the three aforementioned scenarios V, H and V/H polarized antenna elements in (11.1)—(11.3)

can be extend to Equations (49)—(51) when DoT = 0° and Equations (52)—(54) when DoT = 90°.

. exp(jPY2 0
S(n = 1)/ G57D s,y i (t+ A1) X (¢, )y { p(]o £os) exp(jé’igs)} . DEgS,ilJ’k’(H'At)
v _ X exp (jsl’k’(l/k/ - 1)-d5EH v || At cos(8) aoa — (8)o) + GAﬁl ):nN:1 Dls? ik (t -+ AL) X (¢, 0) %
Ty o (E+ AL T) = o) } (on) i1
exp(;(l),, ) v X1exp(]¢'n ’ ) DU , ,(t + At)><
VX exp(j@i”)  exp(j@y”) el
exp (jsyp ('K —1).dF | 0 [|AF cos(9) a0 — (8)0)
. exp(jP° 0
8(n = 1)/ 51D s i i (t + A1) x (¢, O) 1k { p(]O tos) eXP(]'@%s)} X DG i e (£ + At)
W (beabT) = | <SP (s (I — 1).d%E|| v | AF cos(9) aoa — (8)0) + 1/ &5 TN Dgfll,k(t+At) x (¢, 0) 5%
Ik 'K ’ exp(j q)(v,v)) Nod oeh
p(j®n PP | pUE (4 Af)x
\/ﬁexp(].q)slh,v)) eXp(]'(DLh'h)) n,ip, Ik’

exp (jspp ('K — 1).d%E || v || At cos(8) aoa — (9)0)

. exp(jPT2 0
s(n—1)y/ GLHDEgS,iLZk(t-FAt) X a(p,0) x { P(]O 10s) exp(jCth )

x exp (jspp (k' —1). du/HH v HAt/cos (8) a0a — (8, 9)0) + G+l N
o0y VX exp(jo)

VXrep(iel)  exp(jal™)

exp (s ('K = 1).dyF, | o || cos(8) aoa — (9)o)

UE
} X Digg i pp (E+ AE)

i (E+ At) X (¢, 0)yx

V/H _
Myl (E+ AL, T) =

n 11

x DL o (4 A x

Similarly, when DoT = 90°, the realistic channel coefficients are presented as

o ) 0

S(n—1) /S DB (t4 A1) x (g, 0) x | ZPULLOS DYE . (t+ At
(n = 1)1/ 11 D1ds,iy it + AF) X @(p, 0) 1 0 exp(j™h) X DyGg, i i (t+ At)
iy (885 T) = | xexp (s ('K — 1).d%E o | sin(zS‘)AoA) + 1/ & 0Ly DBt + M) X @, 0) 5 x

. = (v,0) T .
(o) VRTep(oi )] pur . _
\/ﬁeXp(#Dg.h’v)) exp(]d> hh)) X Dn,iz,l/k’(t + At) x exp (]Sl/k/(l/k/ — 1)'dV o sm(ﬂ)AoA)

@2 ) 0

S(n— 1)/ S DB (t4 A1) x d(g,0)y x | ZPULLOS DUE . (t+ At
(n = 1)/ 57D Gs, it + Bt) < (9, O)ik 0 exp(jolihy) | X Drosi -+ 80)
hlkl’k/ (t+AtT) = x exp (jspp ('K — 1).d4E|| v || sin( AoA +4/ G/‘Jfl YN 1D5§1 et AE) X (¢, 0) %

D‘%IIIZ i (E+ Bt) x exp (jspp ('K — 1).dYE | v || sin(8) g0n)

exp(joi”)  VXTexp(j@y")
VXTexp(j@”)  exp(jol)

. exp(jPI°
8(n — 1)/ Gy DB s (t+ AE) X (e, 8) x { P(®Los)

0
0 exp(](l)Los)}
it 85T) = | xexp (jsie ('K = 1) d%HH o ||sin 19)ADA /S Tl Dt A8 X @@, 0)ex
exp(j@i"”)  VXFexp(j@i™")
VXTexp(i0))  exp(j@f)

UE
X Dpgg iy (t+ A)

x DL o (t+ Bt) x exp (jspne (UK = 1).dyf 7| 0 || sin(9) a0a)

(49)

(50)

(51)

(52)

(53)

(54)

According to the movement of the user from the transmitter, the power flux drops as the square
of the distance. Another side, In the far-field situation the fluxes is smaller than the nearby shell that is

computed by power per unit because the same energy will be spread over a larger area.
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Figure 3. Phase difference between antenna elements for the varying (a) DoT = 90° and (b) DoT = 0°.

5. Experimental Results and Discussions

In this section, the statistical properties of the proposed model and simulation model are evaluated
and analyzed. Then, the proposed simulation channel model is further validated by measurements.
As shown in Figure 4, an investigation has been made then to study such full characterization through
field experimentation on 3-D massive MIMO systems at Shanghai Jiao Tong University (SJTU) campus
network. Sixteen cross-dipole elements with +/—45° slant polarization, and a movable user platform
from the national instrument (NI) USRP-2943R with omnidirectional elements were implemented at the
TX and RX, respectively. As shown in Figure 1, (90/90)° is a V polarization, (0/0)° is H polarization
and (0/90)° is V/H polarization of omnidirectional antenna elements at the RX, and +/—45° dipole
antenna elements at the TX are configured. The height above the BS is about 40 m, and the reception
antenna’s height is 2.0 m with multiple receive antennas.

To verify our proposed channel models, we use MU-MIMO measurement data to compare the
non-stationary of a measured MU-MIMO channel with that of standard channel models such as IMT-A
and WINNER II. The result in investigating the performance of the proposed model and comparing
them with the theoretical model. In order to understand the compression part easily, we denoted our
proposed model as (E3-D) and the theoretical model as (C3-D). To highlight the impact of the statistical
properties, we first extracted the theoretical model as a reference and then, and then an investigation
of C3-D was carried out. Later, to get a more quantitative understanding of how our proposed model
(E3-D) would perform in the real propagation and measured data on the proposed model, we turned
our attention to the RSC and ECC in the three measured scenarios, corresponding to their DoTs,
where different polarizations were used at the TX and RX. It shows that the spatial correlation and
capacity of the theoretical model and practical result. The model was based on EAoA (¢), AAoA (¢),
distance between the corresponding cluster to the antenna elements and arrays, elements spacing
(dBS ,d UE), antenna polarization, user movements and non-stationary of clusters. It shows that the
practical model provides a good approximation to the theoretical model especially at dull polarization.
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Figure 4. Overview of the measurement area at the campus of Shanghai Jiao Tong University, China.
A spaced rectangular antenna array with 16 cross polarized patch antenna elements at the TX was
placed on the rooftop of the Biomedical building during their respective measurement campaigns
and a spaced uniform linear array as a user was moved around the international buildings acting as
multiple-antenna user.

First, to understand the impact of the channel, we focused on the channel variation’s case of
the distance traveled as well as considering the antenna polarization match/mismatching between
TX and RX, while we formulated and analyzed data based on Sections 3 and 4. The impact of the
channel on the theoretical model and the corresponding proposed model of channel models affect
the trends of the antenna polarization and spatial correlation properties considerably of the antenna
elements. Second, RSC on ECC for correlation properties has been investigated, considering that the
ASE had increased the spacing between elements. Consequently, as shown in the following figs, we
are only going to investigate the performance of channel modeling with the effect of V, H, and V/H
antenna polarization over E3-D channel, comparing with the C3-D model. This observation also was
from the dynamic property of clusters on the array axis which may observe different sets of clusters
with different ¢ and ¢ to at least one antenna element including the adjacent ones in the E3-D model.
In addition, they demonstrate that proposed model provides a good approximation to the statistical
properties of the theoretical model.

As shown in Figure 5, the compression of the C3-D and E3-D massive MIMO model in different
antenna configurations shows that the antenna polarization incorporated in the propagated channel
cannot be ignored in channel modeling, especially when the distance between the TX and RX increasing.
In addition, when DoT is not fixed along the axis but is switching from 0° to 90° or vice versa, it is
also can be a polarization changing of antenna elements. This variation occurs due to the dynamic
condition of the user between wave directions in relation to antenna polarization at the RX from time
to time. For more details in Figure 5a—c show the massive MIMO channel variation based on H, V and
V/H polarization where the waves are forced to lie in the same direction as the RX and the maximum
pickup results when the RX antenna is oriented in the same direction as the TX antenna. The result
also has shown that, in the C3-D, the conventional massive MIMO covering only an azimuth angle
for far-field effect with providing equal AODs and AoAs, while in the E3-D model, the elevation
angle has been considered with various phase excitation and different AoDs and AoAs for each
antenna element. On the other side is shown in Figure 5d, when the cross-polarization antenna is
configured at the TX, different polarization are assembled at the RX. The excellent agreement between
the proposed MU-MIMO model and the measurement data demonstrates the utility of our MU-MIMO
channel models.
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Figure 5. Performance comparison between E3-D and C3-D models based on different configurations,
(a). V/H, (b). V, (c). H, receiving signals from TX with cross antenna elements polarization toward
RX, in case there are polarization matching between TX and RX. And (d), in case there are polarization
mismatching between TX and RX, the channel variations are based on the user movement with
different DoT = 0° and DoT = 90°. It is illustrated that the channel has been changed when the distance
is increasing and also, the signal orientations do not match with the antenna polarization at the RX.
Therefore, variation in polarization causes changes in the received signal level due to the inability of
the antenna to receive such polarization changes.

Moreover, the ECC of the period of clusters at the receivers on the antenna array, including the
effect of antenna polarization is illustrated in Figure 6. Here, we only considered the cross-polarization
antenna at the TX with different polarizations (V, H, and V/H) at the RX based on DoT =0°.
Then, we also investigated the influence of the channel noise on the achievable spectral efficiency.
We defined the SNR for a non-stationary user as the ratio of the desired signal power to the noise
power according to [26]

hy)Th
SNR(y) = (V;%V (55)
()" hu

i

SNR ) = (56)

h Th
SNRy/11) = ( V/H(j2 v/H 57)
n

where ¢2 denotes the power of channel noise and (hy)'hy, (hy)Thy, and (hy,g)Thy, g are
the correlated channel matrix of complex path gains for V, H, and V/H polarized antennas,
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respectively. Therefore, a correlated capacity channel using the aforementioned expressions for
different polarizations are derived as

C(V) = logy |det (I+ SNRy) ] bps/Hz (58)
Ciyy = loga |det (I + SNRH)}bPS/Hz (59)
C(V/H) = logz det (I+SNRv/H):|b}75/HZ (60)

where, det(.) denotes the determinant and [ is the identity matrix. From the figure, it can be observed
that the ECC does not only depend on the antenna dimension, but it also has a close relation to the
antenna configuration of the antenna array. Similarly, in V and V/H polarized antennas, the capacity
is much higher than H polarization, because the elevation angle in the E3-D model has a higher degree
of freedom and the main DoT is perpendicular to the receiver array.

In other words, the capacity of antenna elements polarization is lower than the others, causing the
horizontally-receiving signals at an azimuth angle with a lower degree of freedom in elevation angle.
This phenomenon occurs when the channel is linear to antenna elements, and the EAoA is constant for
all elements. Therefore, based on the distance D and increased dimension of the antenna at the RX,
spherical waves are emitted in a spherical shape and consider as a plane wavefront. However, the
beam patterns with different phase excitation toward different DoTs, contributes various correlation
weights for rays related to the Qt clusters. Thus, providing different EAoAs for each antenna element
that can be adapted to the improve the received SNR which in turn to increases the accuracy of the

channel model.

Il | Il Il
0 5 10 15 20 25
SNR(dB)

=#=E3-DV
8 H=8=C3DV

ECC(bps/Hz)

= T 1 i i

SNR(dB)

=#=53.D V/H I I I 3

=8=c3.DV/H

ECC(bps/Hz)

SNR(dB)

Figure 6. E3-D and C3-D compression capacity versus SNR for different polarization.
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Furthermore, an investigation of antenna correlation p versus space has been considered for the
beam pattern as shown in Figure 7. It is shown that the correlation varies as the function of p(¢, ¢)
changes with dYF on ¢ and ¢. Intuitively, the distance between two inter-elements is at the maximum,
while the correlation remains minimal. The figure illustrated that the channel has less correlation in V
and V/H configurations when the space between antenna elements increases. Also, H polarization
varies slightly based on antenna space, because in H polarization the natural distance of elements
from this kind of configuration is sufficient. Therefore, when space increase, the correlation result
remains constant along the array axis. Finally, we investigated the effect of ECC versus antenna space
at different polarization levels. Similar experimental observations can be found in Figure 8, where the
capacity results also depending on the space between the antenna elements at the RX. It means that as
space increases, correlation decreases and then capacity increases as well. The capacity of V and V/H
polarization increases gradually as d“£ while the configuration with H polarization is almost constant.

In summary, simulation results show that the H polarization antenna is not suitable for a 3-D
model if, (A) uses plane wave front for the far-field effects, (B) the height of the user increases gradually,
and (C) the dimension of antenna increases. In addition, the V polarization channel is sufficient when
the only vertical angle is considered, and the spaces between antenna elements are enough for any
reduction of correlation. This phenomenon happens in E3-D models when vertical degrees have higher
wave dispersion from the beam pattern. Considering the same result, it is observed that correlation
is not affected the channel in H polarization since the distance is enough and V polarization has the
highest correlation result among others. Based on the results, having a dual polarization (V/H) at the
RX while considering cross-polarization at the TX is a better option to have more accurate channels
that can have at least one polarization at a certain time and direction of the user.

0.8 T T T T T
: : : =$=F3DE
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3
g :
< 0.4 R
o :
8 :
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Figure 7. Correlation versus receiving antenna spacing on the beam pattern.
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Figure 8. ECC versus receiving antenna spacing on the beam pattern.

6. Conclusions

In the far-field condition, the key characteristics of massive MIMO channels such as the elevation
angle and phase excitation were not captured by conventional massive MIMO in 3-D. In this model,
we characterized the performance of the RSC for spaced linear antenna array by considering the
scatters which were distributed around the TX and RX. Prior to this, an investigation considering
AES was made to show the difference between 3-D beam pattern and 3-D conventional massive
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MIMO for V, H, and V/H polarizations at the RX. In addition, the result has shown an excellent
relation between the derived theoretical and the measured data for received spatial correlation.
Furthermore, ergodic correlation capacity was computed as a function of the received spatial correlation
between elements. Channel measurement has been studied to examine the potential increase in capacity
which can be achieved through a different spatial channel. Our research work in practice provided
useful insights about the impact of antenna patterns and channel coefficients on the achievable capacity
rate. It also confirmed the potential of elevated 3-D beam pattern in the enhancement of system
performance. Furthermore, the channel models could be considered in both theoretical and practical
guidance for the establishment of a more purposeful massive MIMO measurement in the future in any
kind of antenna pattern.

Acknowledgments: This work is supported in part by the Shenzhen-Hong Kong Innovative Technology
Cooperation Funding (Grant No. SGLH20131009154139588), and the State Major Science and Technology Special
Projects (Grant No. 20152X03001035). Ali Balador is also funded by the Knowledge Foundation (KKS) via the
ELECTRA project, the SafeCOP project which is funded from the ECSEL Joint Undertaking under grant agreement

10 692529, and from National funding.

Author Contributions: Saeid Aghaeinezhadfirouzja, Hui Liu and Ali Balador proposed the channel model and
contributed in providing experimental evaluations. Saeid Aghaeinezhadfirouzja and Ali Balador wrote the paper.
Hui Liu and Ali Balador revised the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Molisch, A.F; Tufvesson, F. Propagation channel models for next-generation wireless communications
systems. IEICE Trans. Commun. 2014, 97, 2022-2034.

2. Rusek, E; Persson, D.; Lau, B.K,; Larsson, E.G.; Marzetta, T.L.; Edfors, O.; Tufvesson, F. Scaling up MIMO:
Opportunities and challenges with very large arrays. IEEE Signal Process. Mag. 2013, 30, 40-60.

3.  Hoydis, J.; Hosseini, K.; Brink, S.T.; Debbah, M. Making smart use of excess antennas: Massive MIMO,
small cells, and TDD. Bell Labs Tech. ]. 2013, 18,5-21.

4. Shafi, M.; Zhang, M.; Moustakas, A.L.; Smith, PJ.; Molisch, A.F.; Tufvesson, F; Simon, S.H. Polarized MIMO
channels in 3-D: models, measurements and mutual information. IEEE ]. Sel. Areas Commun. 2006, 24, 514-527.

5. Pétzold, M. Mobile Radio Channels; John Wiley & Sons: New York, NY, USA, 2011.

6. Liberti, ].C.; Rappaport, T.S. A geometrically based model for line-of-sight multipath radio channels.
In Proceedings of the 46th IEEE Vehicular Technology Conference on Mobile Technology for the Human
Race, New York, NY, USA, 28 April-1 May 1996; pp. 844-848.

7.  Clerckx, B.; Oestges, C. MIMO Wireless Networks: Channels, Techniques and Standards for Multi-Antenna,
Multi-User and Multi-Cell Systems; Academic Press: New York, NY, USA, 2013.

8. Wu,S,; Wang, C.X; Haas, H.; Aggoune, E.H.M.; Alwakeel, M.M.; Ai, B. A non-stationary wideband channel
model for massive MIMO communication systems. IEEE Trans. Wirel. Commun. 2015, 14, 1434-1446.

9.  Yuan, Y; Wang, C.X,; He, Y.; Alwakeel, M.M. 3D wideband non-stationary geometry-based stochastic models
for non-isotropic MIMO vehicle-to-vehicle channels. IEEE Trans. Wirel. Commun. 2015, 14, 6883-6895.

10. Renaudin, O.; Kolmonen, V.M.; Vainikainen, P.; Oestges, C. Non-stationary narrowband MIMO inter-vehicle
channel characterization in the 5-GHz band. IEEE Trans. Veh. Technol. 2010, 59, 2007-2015.

11. Baum, D.S.; Hansen, ].; Salo, J]. An interim channel model for beyond-3G systems: extending the 3GPP
spatial channel model (SCM). In Proceedings of the 2005 IEEE 61st Vehicular Technology Conference,
Stockholm, Sweden, 30 May-1 June 2005; Volume 5, pp. 3132-3136.

12.  Zwick, T.; Fischer, C.; Didascalou, D.; Wiesbeck, W. A stochastic spatial channel model based on
wave-propagation modeling. IEEE |. Sel. Areas Commun. 2000, 18, 6-15.

13. Xiao, H.; Burr, A.G.; Song, L. A time-variant wideband spatial channel model based on the 3GPP
model. In Proceedings of the 2006 IEEE 64th Vehicular Technology Conference, Montreal, QC, Canada,
25-28 September 2006; pp. 1-5.

14. Wu, S.; Wang, C.X.; Alwakeel, M.M.; He, Y. A non-stationary 3-D wideband twin-cluster model for 5G
massive MIMO channels. IEEE |. Sel. Areas Commun. 2014, 32, 1207-1218.



Sensors 2018, 18, 1186 21 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Xu, H.; Chizhik, D.; Huang, H.; Valenzuela, R. A generalized space-time multiple-input multiple-output
(MIMO) channel model. IEEE Trans. Wirel. Commun. 2004, 3, 966-975.

Dao, M.T.; Nguyen, V.A; Im, Y.T; Park, S.O.; Yoon, G. 3D polarized channel modeling and performance
comparison of MIMO antenna configurations with different polarizations. IEEE Trans. Antennas Propag.
2011, 59, 2672-2682.

Oestges, C.; Erceg, V.; Paulraj, A.]. Propagation modeling of MIMO multipolarized fixed wireless channels.
IEEE Trans. Veh. Technol. 2004, 53, 644—654.

Kammoun, A.; Debbah, M.; Alouini, M.S. A generalized spatial correlation model for 3D MIMO channels
based on the Fourier coefficients of power spectrums. IEEE Trans. Signal Process. 2015, 63, 3671-3686.
Payami, S.; Tufvesson, F.  Channel measurements and analysis for very large array systems
at 2.6 GHz. In Proceedings of the 2012 6th European Conference on Antennas and Propagation (EUCAP),
Prague, Czech Republic, 26-30 March 2012; pp. 433—437.

Gao, X.; Tufvesson, F.; Edfors, O.; Rusek, F. Measured propagation characteristics for very-large MIMO
at 2.6 GHz. In Proceedings of the 2012 IEEE Conference Record of the Forty Sixth Asilomar Conference on
Signals, Systems and Computers (ASILOMAR), Pacific Grove, CA, USA, 4-7 November 2012; pp. 295-299.
Aghaeinezhadfirouzja, S.; Liu, H.; Xia, B.; Tao, M. Implementation and measurement of single user MIMO
testbed for TD-LTE-A downlink channels. In Proceedings of the 2016 8th IEEE International Conference on
Communication Software and Networks (ICCSN), Beijing, China, 4-6 June 2016; pp. 211-215.
Aghaeinezhadfirouzja, S.; Liu, H.; Xia, B.; Luo, Q.; Guo, W. Third dimension for measurement of multi
user massive MIMO channels based on LTE advanced downlink. In Proceedings of the 2017 IEEE Global
Conference on Signal and Information Processing (GlobalSIP), Montreal, QC, Canada, 14-16 November 2017;
pp. 758-762.

Meinild, J.; Kyosti, P; Jamsd, T.; Hentilda, L. WINNER II Channel Models; Wiley Online Library:
Hoboken, NJ, USA, 2009; pp. 39-92.

Wang, C.; Murch, R.D. Adaptive downlink multi-user MIMO wireless systems for correlated channels with
imperfect CSL. IEEE Trans. Wirel. Commun. 2006, 5, 2435-2446.

Cho, YS.; Kim, J.; Yang, W.Y,; Kang, C.G. MIMO-OFDM Wireless Communications with MATLAB;
John Wiley & Sons: New York, NY, USA, 2010.

Liu, W.; Wang, Z.; Sun, C.; Chen, S.; Hanzo, L. Structured non-uniformly spaced rectangular antenna array
design for FD-MIMO systems. IEEE Trans. Wirel. Commun. 2017, 16, 3252-3266.

® (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	3-D Antenna Configuration
	3-D AES and Antenna Element's Positioning
	Transmit Antenna Configuration
	Receive Antenna Configuration

	3-D Beam Pattern

	A Practical Non-Stationary of 3-D Massive MIMO Channel Model
	Generation of the Cluster/Channel in System Level
	Generating the Clusters at the Transmitter
	Toward the Receive Antenna Elements

	Delay of the Clusters
	Energy Transferring

	Received Spatial Correlation
	Experimental Results and Discussions
	Conclusions
	References

