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Summary

In this paper, we use the multipolarized antennas in massive multiple‐input

multiple‐output (MIMO) systems to decline the channel orthogonality and

enhance the system performance. We propose 3 multipolarized massive MIMO

system schemes according to antenna structures of 3 widely used massive

MIMO systems and establish 3‐D geometrical channel models. Simulation

results show that the multipolarized massive MIMO systems outperform the

unipolarized massive MIMO systems in many situations. The multipolarized

antennas would be the best choice for massive MIMO systems if the space

efficiency and the miniaturization of equipments are of primary concern.
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1 | INTRODUCTION

As we all know, the massive multiple‐input multiple‐output (MIMO) systems have been regarded as a candidate
technology for the 5th generation cellular networks, which have attracted considerable research interests recently.
Massive MIMO systems have a base station (BS) equipped with a large number of antennas (tens or hundreds of
antennas), which can serve several single antenna users simultaneously.1-3 The favorable propagation characteristic,
which is also called channel orthogonality between different users, should be considered in massive MIMO systems,4

which plays a key role in massive MIMO systems performance5 and it is very different from the classic MIMO Rayleigh
fading channel.6 A high channel orthogonality means that the users cannot use the same frequency resource at the
same time,7 while a low channel orthogonality (favorable propagation) can reduce the cross‐talk between users and
simplify the precoding of massive MIMO systems, which is beneficial to the channel capacity. Since the massive MIMO
systems have a large‐scale antenna array, a large number of antennas are difficult to be placed in a limited space, and if
it can be deployed, the high channel orthogonality may degrade the systems performance because of the space and size
restrictions.8 In the traditional MIMO systems, the multipolarized antennas have been implemented to reduce the
correlation between antennas and realize the space efficiency because an antenna is designed to receive a signal having
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a certain polarization and it is completely isolated to the cross‐polarization component. Also, the implementation of
multipolarized antennas in MIMO systems is helpful with significant performance improvements.9 Therefore, we use
the multipolarized antennas in massive MIMO systems to decline the channel orthogonality and improve the systems
performance and the space efficiency.

So far, a lot of works have been done in developing massive MIMO systems. Previous studies10-14 investigated how
massive MIMO systems perform in channels measured in real propagation environments and obtained lots of real
measurements, while many other works15-17 focused on the massive MIMO systems channel modeling because
performing experiments is expensive and time‐consuming and some particular parameters are difficult to measure.
However, these models are complex, and most of the research works4,18,19 are based on idealized channel matrix
assumption using independent and identically distributed Rayleigh fading channels, which are impractical in reality.
Also, there are very few works about multipolarized antennas used in massive MIMO systems. Xu et al20 considered
a multicell network with BS equipped with large dual‐polarized antenna arrays, and it found that a dual‐polarized sys-
tem enjoys the reduction in pilot contamination and multiuser interference due to orthogonal polarizations. Park and
Clerckx8 have investigated a dual‐structured linear precoding in the multipolarized multiuser massive MIMO system
to reduce the feedback overhead further. Xiao et al21 studied how to optimize dual‐stage precoding scheme in a typical
dual‐polarized massive MIMO system and proposed a specific structure of long‐term precoding matrix for dual‐
polarized massive MIMO systems.

In this paper, we propose 3 multipolarized massive MIMO system schemes according to antenna structures of 3
widely used massive MIMO systems such as uniform linear array (ULA), uniform circular array (UCA), and uniform
rectangular array (URA). Then we establish 3‐D geometrical channel models for multipolarized ULA, UCA, and
URA massive MIMO systems. The channel is modeled as a Ricean fading channel that includes a fixed (line of sight,
LoS) part and a scattering (non‐LoS) part. Both the azimuth angle of arrival (AAoA) and the elevation angle of arrival
(EAoA) have been taken into account. We use the uniform distribution with certain azimuth angle spread (AAS) and
elevation angle spread (EAS) to characterize the AAoA/EAoA distributions. For the system performance, we focus on
the channel orthogonality and channel capacity. Simulation results show that using multipolarized antennas in massive
MIMO systems can help to decline the channel orthogonality between users and reduce the demand for large antenna
spacing to realize the space efficiency compared with the unipolarized massive MIMO systems. The multipolarized
massive MIMO systems have better performance than the unipolarized massive MIMO systems in many situations.
While when the signal‐to‐noise ratio (SNR) is low, multipolarized massive MIMO systems do not outperform
unipolarized massive MIMO systems because of the power loss and imbalance between antennas due to the polarization
mismatch. For the 3 kinds of multipolarized massive MIMO systems, the multipolarized ULA massive MIMO systems
have the best performance because of the long line antenna structure while the multipolarized URA massive MIMO
systems have the worst performance because of the compact antenna structure.

The remainder of this paper is organized as follows. Section 2 is about the channel modeling of multipolarized ULA
massive MIMO systems. In Section 3, the multipolarized UCA massive MIMO systems are modeled. Section 4 models
the multipolarized URA massive MIMO systems. Section 5 gives the simulation result comparisons and analysis.
Finally, we present the concluding remarks in Section 6.
2 | 3 ‐D CHANNEL MODELING OF MULTIPOLARIZED ULA MASSIVE MIMO
SYSTEMS

A typical massive MIMO system has a BS equipped with M antennas as shown in Figure 1, where M antennas serve K
(K<M) single antenna users simultaneously. The M BS antenna structures can be ULA, UCA, and URA, and the K
single antenna users are at random positions in the same cell. Usually, wireless channel can bemodeled as a Ricean fading
channel, which means the channel matrix is composed of a fixed (LoS) part and a scattering (non‐LoS) part according to22

H ¼
ffiffiffiffiffiffiffiffiffiffiffi
k

k þ 1

r
�Hþ

ffiffiffiffiffiffiffiffiffiffiffi
1

k þ 1

r
~H∈CM×K ; (1)

where k is the Ricean k‐factor and it is defined as the power ratio of the fixed part to the scattering part. �H is a deterministic
matrix representing the fixed part, and ~H is a random matrix representing the scattering part. As mentioned above, for
massive MIMO systems, the favorable propagation (ie, channel orthogonality between different users) is the most impor-
tant property; namely,23



FIGURE 1 Massive multiple‐input multiple‐output system with a base station (BS) of M antennas and K user positions
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1
M
hH
p hq →

a:s:

M→∞

0; p≠q
1; p ¼ q;

�
(2)

where hk(k=1,…,K) is the channel vector usingM antennas of the BS at user terminal position k,H denotes the Hermitian

transform, and �!a:s: is almost sure convergence. For
1
M
hH
p hq →

a:s:

M→∞
0ðp≠qÞ, it means that the channel offers favorable prop-

agation, while
1
M
hH
p hq →

a:s:

M→∞
1ðp≠qÞmeans the 2 users cannot use the same frequency resource at the same time. Therefore,

we first consider the scattering part (or channel)—a 3‐D multipolarized ULA massive MIMO system transmission sce-
nario as shown in Figure 2. Usually, we regard the ground as a reference, which means the antennas perpendicular to
the ground are vertically polarized antennas and the antennas parallel to the ground are horizontally polarized anten-
nas.24 The x−S1− y plane is the horizontal plane. Hence, antennas A1 and Am are vertically polarized antennas, antennas
A2 and Am+ 1 are horizontally polarized antennas, and we make vertically polarized antennas and horizontally polarized
antennas are arranged alternately. This means in our proposed multipolarized ULAmassive MIMO systems scheme, if all
the odd numbered antennas are vertically polarized antennas, all the even numbered antennas will be horizontally polar-
ized antennas and vice versa. All the antennas are in the far field of the signals; therefore, the wave front is plane wave,
and the signals come from arbitrary directions with AAoA α and EAoA β for all the antennas. The adjacent antenna spac-
ing is d. For antenna A2, S2P′

2 is the projection of S2P2 on the horizontal plane. ∠P2S2P′

2 is β, and ∠P′

2S2S1 is (π/2−α).
Therefore, the angle ∠P2S2S1 can be defined as25

cos∠P2S2S1 ¼ cos∠ P′

2S2S1cos∠ P2S2P′

2

¼ cosðπ=2−αÞcosðβÞ: (3)
FIGURE 2 3‐D multipolarized uniform linear array massive multiple‐input multiple‐output system transmission scenario
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The transmission distance difference between antennas A1 and A2 is P2S2. Regarding antenna A1 as a reference
antenna, one path of multipath channels at antennas A1 and A2 can be expressed as

hULA
1 ¼ ffiffiffiffiffiffi

PV
p

e jϕ; (4)

hULA2 ¼ ffiffiffiffiffiffi
PH

p
e jðϕþ2πdcosðπ2−αÞcosðβÞ=λÞ; (5)

where PV and PH are vertically polarized power and horizontally polarized power in this path, respectively, and ϕ is
random phase and it is independent and identically distributed uniform random variable on the interval [−π,π).26λ
is the carrier wavelength.

hULA
p ¼

hULA;XPD1;p

hULA;XPD2;p

⋯
hULA;XPDm;p

hULA;XPDmþ1;p

:::

2
66666666664

3
77777777775
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ

p
e jϕpffiffiffiffiffiffiffiffi

PVa
p

e jðϕpþ2πdcosðπ2−αpÞcosðβpÞ=λÞ

⋯ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ

p
e jðϕpþ2πdðm−1Þcosðπ2−αpÞcosðβpÞ=λÞffiffiffiffiffiffiffiffi

PVa
p

e jðϕpþ2πdmcosðπ2−αpÞcosðβpÞ=λÞ

:::

2
6666666664

3
7777777775
; (6)

hULA
q ¼

hULA;XPD1;q

hULA;XPD2;q

⋯
hULA;XPDm;q

hULA;XPDmþ1;q

:::

2
66666666664

3
77777777775
¼

ffiffiffiffiffiffiffiffiffi
PHa

p
e jϕqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHð1−aÞ
p

e jðϕqþ2πdcosðπ2−αqÞcosðβqÞ=λÞ

⋯ffiffiffiffiffiffiffiffiffi
PHa

p
e jðϕqþ2πdðm−1Þcosðπ2−αqÞcosðβqÞ=λÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHð1−aÞ
p

e jðϕqþ2πdmcosðπ2−αqÞcosðβqÞ=λÞ

:::

2
6666666664

3
7777777775
: (7)

In real wireless channel, the reflections, diffractions, and scatterings of signals in the wireless channel may
result in channel depolarization, which means the polarization orientation may change and rotate after passing
through the channel (ie, a vertically polarized signal at transmitter may have horizontally polarized component
at receiver). A commonly used method for describing this phenomenon is to define the cross‐polarization
discrimination (XPD)27:

XPD ¼ EfjhVV j2g
EfjhHV j2g

¼ EfjhHH j2g
EfjhVH j2g

¼ 1−a
a

; (8)

where hXY(X,Y∈V,H) is XY channel and E{} represents the expectation operator. a(0<a≤1) is defined for model-
ing and computing, which corresponds to the part of the power that is leaked from X polarization to Y polariza-
tion.24 When there is no leakage from the X polarization to the Y polarization, a equals to 0; otherwise, there is
leakage between the polarizations when 0<a≤ 1. Then the one path channel including XPD can be expressed as

hULA;XPD1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ þ PHa

p
e jϕ; (9)

hULA;XPD2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PHð1−aÞ þ PVa

p
e jðϕþ2πdcosðπ2−αÞcosðβÞ=λÞ; (10)

where PX(1−a) is the power maintain in the copolarization and PXa is the power leakage to the cross‐polariza-
tion.28 In ULA massive MIMO systems, all the antennas are uniformly spaced29,30; therefore, for antenna Am,
one path of multipath channels can be expressed as

hULA;XPDm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ þ PHa

p
× e jðϕþ2πdðm−1Þcosðπ2−αÞcosðβÞ=λÞ:

(11)
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For the K single antenna users, it is reasonable to assume that half of the users are vertically polarized
antenna users and half of the users are horizontally polarized antenna users at one moment because of the
random positions.8 Therefore, for user p with single vertically polarized antenna, the channel vector of
multipolarized ULA massive MIMO systems can be written as (6). In the same way, the channel vector of user
q with single horizontally polarized antenna is (7). Therefore, the complete scattering channel matrix of
multipolarized ULA massive MIMO systems is

~HULA ¼ hULA
1 ;hULA

2 ; …;hULA
p ; …;hULA

q ; …;hULA
K

h i
: (12)

For multipath channel, many distributions can be used to characterize the AAoA/EAoA distributions. Here we use
the uniform distribution with certain AAS and EAS to characterize the AAoA/EAoA distributions because many
communication scenarios are consistent with uniform distribution especially in the 5th generation small cell scenario,31

which is defined as

pðΘÞ ¼ 1
2ΔΘ

;−ΔΘþ Θ0 ≤Θ≤ΔΘþ Θ0; (13)

where Θ0 is the mean AAoA/EAoA and ΔΘ is the AAS/EAS. After getting the scattering channels and the AAoA/EAoA

distributions, we can derive the orthogonality between 2 channel vectors hULA
p and hULA

q , which is computed as18

δULAp;q ¼ jðhULA
p ÞHhULA

q j
‖hULA

p ‖·‖hULA
q ‖

; (14)

where ‖·‖ denotes the Euclidean norm. The low channel orthogonality (favorable propagation) between different users
can reduce the interference between users and simplify the precoding and signal detection algorithm of massive MIMO
systems, which is beneficial to the systems performance.

Figure 3A shows the channel orthogonality of both unipolarized and multipolarized ULA massive MIMO systems
varies as the number of antennas increases with different AAS. The antenna spacing is set to be λ/2, and XPD is equal
to 8 dB according to the real measurements in Soma et al.32 Both the mean AAoA and the mean EAoA are set to be
0°, and the power is normalized. We use the Monte Carlo simulation method, where we generate 10 000 samples of
the channel and compute the average channel orthogonality. From Figure 3A, we can see that the channel orthogo-
nality decreases as the number of antennas increases. The channel orthogonality is sensitive to the AAS, and a larger
AAS (ie, rich scattering) results in a lower channel orthogonality. The multipolarized ULA massive MIMO systems
can obtain a very low channel orthogonality compared with the unipolarized ULA massive MIMO systems even with
a small AAS (ie, poor scattering). Therefore, using multipolarized antennas in massive MIMO systems can help to
decline the channel orthogonality between users, especially under a poor scattering communication environment.
In addition to the scattering environment, the channel orthogonality is also sensitive to the antenna spacing.
Figure 3B draws the channel orthogonality varies as antenna spacing changes, and the number of antennas is set
to be 100, from which we can see that the larger antenna spacing results in a lower channel orthogonality. Also
the multipolarized ULA massive MIMO systems can obtain a very low channel orthogonality compared with the
unipolarized ULA massive MIMO systems even when the antenna spacing is very small. Therefore, using
multipolarized antennas in massive MIMO systems can reduce the demand for large antenna spacing to realize the
space efficiency. Figure 4 shows that the channel orthogonality of multipolarized ULA massive MIMO systems is also
sensitive to the XPD. A higher XPD can result in a lower channel orthogonality. This is because as the XPD increases,
more power will maintain in the copolarization, which declines the channel orthogonality between users with
different polarized antennas.

As for fixed matrix (or channel), we assume that �hXX is 1 and �hXY is 0 because there is no polarization changes and
rotations in LoS part. Then we can get the channel capacity according to30

C ¼ max
P

log2 det Iþ ρK
M

HPHH

� �� �
bps=Hz; (15)



(A)

(B)

FIGURE 3 A, Channel orthogonality versus number of antennas with different AAS. B, Channel orthogonality versus antenna spacing

with different AAS. AAS, azimuth angle spread; EAS, elevation angle spread

FIGURE 4 Channel orthogonality of multipolarized uniform linear array massive multiple‐input multiple‐output systems versus number

of antennas with different XPD. AAS, azimuth angle spread; EAS, elevation angle; XPD, cross‐polarization discrimination
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where I is an identity matrix and ρ denotes the receiving SNR. P is a diagonal matrix for power allocation with

(p1,…,pk,…,pK) on its diagonal and ∑K
k¼1pk ¼ 1. Figure 5 compares the channel capacity of multipolarized ULA

massive MIMO systems with unipolarized ULA massive MIMO systems as AAS and antenna spacing change respec-
tively. The antenna spacing is set to be λ/2, and the number of users is set to be 8. Cross‐polarization discrimination is
equal to 8 dB, and k‐factor is equal to 12 dB according to the real measurements in Soma et al.32 Signal‐to‐noise ratio
is set to be a mean value 15 dB. From which we can see that the multipolarized ULA massive MIMO systems have
larger capacity even with smaller AAS and antenna spacing, hence the multipolarized antennas implemented in mas-
sive MIMO systems can help to increase the channel capacity and improve the systems performance. Figure 6 is the
comparison of capacity between multipolarized ULA massive MIMO systems and unipolarized ULA massive MIMO
systems. The number of antennas is set to be 100. Figure 6 shows that the multipolarized ULA massive MIMO
systems do not always outperform unipolarized ULA massive MIMO systems. In the high SNR region, the
multipolarized ULA massive MIMO systems are more effective because of the reduction in the channel orthogonality
between users. While in the low SNR region, the reduction in the channel orthogonality is not enough to compensate
(A)

(B)

FIGURE 5 A, Channel capacity comparison of unipolarized and multipolarized uniform linear array massive multiple‐input multiple‐

output systems versus number of antennas with different AAS. B, Channel capacity comparison of unipolarized and multipolarized

uniform linear array massive multiple‐input multiple‐output systems versus number of antennas with different antenna spacing. AAS,

azimuth angle spread; EAS, elevation angle



FIGURE 6 Channel capacity comparison of unipolarized and multipolarized uniform linear array massive multiple‐input multiple‐output

systems versus SNR. AAS, azimuth angle spread; EAS, elevation angle; SNR, signal‐to‐noise ratio
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for the power loss resulting from the polarization mismatch.33 Hence, the multipolarized ULA massive MIMO systems
have lower capacity when SNR is low.

Figure 7A shows the channel capacity of both unipolarized and multipolarized ULA massive MIMO systems varies
as the XPD changes. Here we only consider the scattering channels to show the effect of XPD on the systems
performance. From Figure 7A, we can see that the capacity of unipolarized ULA massive MIMO systems decreases
drastically as the XPD decreases. This is because the unipolarized ULA massive MIMO systems will lose most of the
power because of the polarization mismatch at low XPD. While multipolarized ULA massive MIMO systems always
have cross‐polarized antennas to receive the cross‐polarized signals, therefore, the XPD has a slight effect on the
multipolarized ULA massive MIMO systems and they achieve better performance in such situation. Figure 7B compares
the channel capacity of multipolarized ULA massive MIMO systems with unipolarized ULA massive MIMO systems as
k‐factor changes. We can see that the channel capacity of both multipolarized ULA massive MIMO systems and
unipolarized ULA massive MIMO systems decreases as k‐factor increases. This is because the LoS part becomes
dominant and the scattering part becomes weak as k‐factor increases, which results in high channel orthogonality,
while the multipolarized ULA massive MIMO systems outperform the unipolarized ULA massive MIMO systems as
k‐factor increases because the multipolarized ULA massive MIMO systems have low channel orthogonality even with
poor scattering.
3 | 3 ‐D CHANNEL MODELING OF MULTIPOLARIZED UCA MASSIVE MIMO
SYSTEMS

The UCA is another popular antenna structure in massive MIMO systems. For multipolarized UCA massive
MIMO systems, all the antennas are uniformly spaced on a circular edge as shown11 in Figure 8. In our
proposed multipolarized UCA massive MIMO systems scheme, if antenna Am is vertically polarized antenna,
antenna Am+ 1 will be horizontally polarized antenna and vice versa. Also all the antennas are in the far field
of the signals, and the adjacent antenna spacing is d. According to the geometrical relationship in Figure 8,

we have θ ¼ 2π
M

; θ2 ¼ θ; θ3 ¼ 2θ; …; θm ¼ ðm−1Þθ; …, and it is obvious that the circle radius r is

r ¼ d
2sinðθ=2Þ: (16)



(A)

(B)

FIGURE 7 A, Channel capacity comparison of unipolarized and multipolarized uniform linear array massive multiple‐input multiple‐

output systems versus XPD. B, Channel capacity comparison of unipolarized and multipolarized uniform linear array massive multiple‐

input multiple‐output systems versus k‐factor. AAS, azimuth angle spread; EAS, elevation angle; SNR, signal‐to‐noise ratio; XPD, cross‐

polarization discrimination
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The distances between antenna A1 and other antennas are

d1;2 ¼ dsinðθ2=2Þ
sinðθ=2Þ

:::

d1;m ¼ dsinðθm=2Þ
sinðθ=2Þ

:::

(17)

hUCA
p ¼

hUCA;XPD1;p

hUCA;XPD2;p

⋯
hUCA;XPDm;p

hUCA;XPDmþ1;p

:::

2
66666666664

3
77777777775
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ

p
e jϕpffiffiffiffiffiffiffiffi

PVa
p

e jðϕpþ2πd1;2cosðπ−αp−arctanð rsinθ2
r−rcosθ2

ÞÞcosðβpÞ=λÞ

⋯ffiffiffiffiffiffiffiffi
PVa

p
e jðϕpþ2πd1;mcosðπ−αp−arctanð rsinθm

r−rcosθm
ÞÞcosðβpÞ=λÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ

p
e jðϕpþ2πd1;mþ1cosðπ−αp−arctanð rsinθmþ1

r−rcosθmþ1
ÞÞcosðβpÞ=λÞ

:::

2
66666666664

3
77777777775

(18)



FIGURE 8 Multipolarized uniform circular array massive multiple‐input multiple‐output system antenna structure
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hUCA
q ¼

hUCA;XPD1;q

hUCA;XPD2;q

⋯
hUCA;XPDm;q

hUCA;XPDmþ1;q

:::

2
66666666664

3
77777777775
¼

ffiffiffiffiffiffiffiffiffi
PHa

p
e jϕqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHð1−aÞ
p

e jðϕqþ2πd1;2cosðπ−αq−arctanð rsinθ2
r−rcosθ2

ÞÞcosðβqÞ=λÞ

⋯ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PHð1−aÞ

p
e jðϕqþ2πd1;mcosðπ−αq−arctanð rsinθm

r−rcosθm
ÞÞcosðβqÞ=λÞ

ffiffiffiffiffiffiffiffiffi
PHa

p
e jðϕqþ2πd1;mþ1cosðπ−αq−arctanð rsinθmþ1

r−rcosθmþ1
ÞÞcosðβqÞ=λÞ

:::

2
66666666664

3
77777777775
: (19)

For the convenience of analysis, we first analyze the relationship between antennas A1 and Am on the circular edge
as shown in Figure 9. We can see that the transmission distance difference between the 2 antennas SmPm equals to
ðd1;mcos∠PmSmS1Þ. According to the geometrical relationship, we have

cos∠PmSmS1 ¼ cos∠P′

mSmS1cos∠PmSmP′

m

¼ cosðπ−α−∠S′mSmS1ÞcosðβÞ;
(20)
FIGURE 9 3‐D multipolarized uniform circular array massive multiple‐input multiple‐output system transmission scenario
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where ∠S′mSmS1 ¼ arctanðS
′

mS1
SmS′m

Þ and S′mS1, SmS
′

m are the functions of antenna spacing d and the number of antennas.

Then for different antennas, we have

S′2S1 ¼ rsinθ2; S2S′2 ¼ r−rcosθ2
:::

S′mS1 ¼ rsinθm; SmS′m ¼ r−rcosθm
:::

(21)

Regarding vertically polarized antenna A1 as a reference antenna, for horizontally polarized antenna Am, one path of
multipath channels of multipolarized UCA massive MIMO systems can be expressed as

hUCA;XPD1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ þ PHa

p
e jϕ (22)

hUCA;XPDm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PHð1−aÞ þ PVa

p
×e jðϕþ2πd1;mcosðπ−α−arctanð rsinθm

r−rcosθm
ÞÞcosðβÞ=λÞ:

(23)

Then the channel vectors of user p with single vertically polarized antenna and user q with single horizontally
polarized antenna for multipolarized UCA massive MIMO systems can be written as (18) and (19). Also we can get
the channel orthogonality and channel capacity of multipolarized UCA massive MIMO systems as multipolarized
ULA massive MIMO systems.

hURA;XPD
p ¼

hURA;XPD11;p

hURA;XPD12;p

⋯
hURA;XPD21;p

⋯
hURA;XPDmn;p

:::

2
6666666666664

3
7777777777775

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ

p
e jϕpffiffiffiffiffiffiffiffi

PVa
p

e jðϕpþ2πdcosðπ=2−αpÞcosðβpÞÞ=λÞ

⋯ffiffiffiffiffiffiffiffi
PVa

p
e jðϕp−2πdcosðπ=2−βpÞÞ=λÞ

⋯ffiffiffiffiffiffiffiffi
PVa

p
e jðϕpþ2πððn−1Þdcosðπ=2−αpÞcosðβpÞ−ðm−1Þdcosðπ=2−βpÞÞÞ=λÞ

:::

2
6666666666664

3
7777777777775

; (24)

hURA;XPD
q ¼

hURA;XPD11;q

hURA;XPD12;q

⋯
hURA;XPD21;q

⋯
hURA;XPDmn;q

:::

2
6666666666664

3
7777777777775

¼

ffiffiffiffiffiffiffiffiffi
PHa

p
e jϕqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHð1−aÞ
p

e jðϕqþ2πdcosðπ=2−αqÞcosðβqÞÞ=λÞ

⋯ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PHð1−aÞ

p
e jðϕq−2πdcosðπ=2−βqÞÞ=λÞ

⋯ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PHð1−aÞ

p
e jðϕqþ2πððn−1Þdcosðπ=2−αqÞcosðβqÞ−ðm−1Þdcosðπ=2−βqÞÞÞ=λÞ

:::

2
666666666664

3
777777777775
: (25)

4 | 3 ‐D CHANNEL MODELING OF MULTIPOLARIZED URA MASSIVE MIMO
SYSTEMS

For massive MIMO systems, the URA antenna structure is also widely used. Our proposed scheme for multipolarized
URA massive MIMO systems is shown in Figure 10. Both the horizontally and vertically adjacent antenna spacing is
d, 7 and any 2 adjacent antennas must have different polarizations. The channel model analysis of multipolarized
URA massive MIMO systems is a little more complex than the ULA and the UCA. Also, we first analyze the relationship
between 2 antennas A11 and Amn as shown in Figure 11. Figure 11 is the 2 antennas in the far field of the signals, and
the transmission distance difference between the 2 antennas is



FIGURE 11 3‐D multipolarized

uniform rectangular array massive

multiple‐input multiple‐output system

transmission scenario

FIGURE 10 Multipolarized uniform rectangular array massive multiple‐input multiple‐output system antenna structure
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SmnPmn ¼ S′mnS11cosðπ=2−αÞcosðβÞ
−SmnS′mncosðπ=2−βÞ:

(26)

Since all the antennas are uniformly spaced in both horizontal and vertical directions, SmnS′mn and S′mnS11 are the
multiples of the adjacent antenna spacing d. Regarding antenna A11 as a reference antenna, one path of multipath
channels of multipolarized URA massive MIMO systems can be expressed as

hURA;XPD11 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PVð1−aÞ þ PHa

p
e jϕ (27)
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hURA;XPDmn ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PHð1−aÞ þ PVa

p
×e jðϕþ2πððn−1Þdcosðπ=2−αÞcosðβÞ−ðm−1Þdcosðπ=2−βÞÞÞ=λ:

(28)

The channel vectors of user p with single vertically polarized antenna and user q with single horizontally polarized
antenna for multipolarized URA massive MIMO systems can be written as (24) and (25). Then we can get the channel
orthogonality and channel capacity of multipolarized URA massive MIMO systems as multipolarized ULA massive
MIMO systems.
5 | SIMULATION RESULT COMPARISONS AND ANALYSIS

For the parameters AAS, antenna spacing, XPD, SNR, and k‐factor, the multipolarized UCA and URA massive MIMO
systems have the same performance as multipolarized ULA massive MIMO systems, which are not shown again. Like
the multipolarized ULA massive MIMO systems, the multipolarized UCA and URA massive MIMO systems also have
better performance than the unipolarized counterparts as shown in Figure 12A. The antenna spacing is set to be λ/2,
(A)

(B)

FIGURE 12 A, Channel orthogonality comparison of multipolarized ULA, UCA, and URA massive multiple‐input multiple‐output

systems versus number of antennas. B, Channel capacity comparison of multipolarized ULA, UCA, and URA massive multiple‐input

multiple‐output systems versus number of antennas. AAS, azimuth angle spread; EAS, elevation angle spread; UCA, uniform circular array;

ULA, uniform linear array; URA, uniform rectangular array



FIGURE 13 Channel capacity comparison of multipolarized ULA, UCA, and URA massive multiple‐input multiple‐output systems versus

EAS. AAS, azimuth angle spread; EAS, elevation angle spread; UCA, uniform circular array; ULA, uniform linear array; URA, uniform

rectangular array
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and XPD is equal to 8 dB. For multipolarized URA massive MIMO systems, we use the square antenna structure by
setting m=n. From Figure 12A, we can see that multipolarized antennas can be also used in UCA and URA massive
MIMO systems to decline the channel orthogonality. The multipolarized ULA massive MIMO systems have the
lowest channel orthogonality while the multipolarized URA massive MIMO systems have the highest channel
orthogonality. This is because the multipolarized ULA massive MIMO systems have a long line antenna structure
with more space resulting in low channel orthogonality and multipolarized URA massive MIMO systems are more
compact with small space resulting in high channel orthogonality. Figure 12B compares the channel capacity of
multipolarized ULA, UCA, and URA massive MIMO systems versus number of antennas. Signal‐to‐noise ratio is
set to be 20 dB, k‐factor equals to 0 dB to avoid any part becomes dominated, and the power is equally allocated.
All the channel capacities increase as the number of antennas increases. The multipolarized ULA massive MIMO
systems have the highest channel capacity because of the lowest channel orthogonality, while the multipolarized
URA massive MIMO systems have the lowest channel capacity because of the highest channel orthogonality.
Figure 13 shows that multipolarized ULA massive MIMO systems are not sensitive to the EAS while the channel
capacity of multipolarized UCA and URA massive MIMO systems is increased as EAS increases. This is because
the multipolarized ULA massive MIMO systems are 1‐dimensional antenna structure placed in just one line and
the multipolarized UCA and URA massive MIMO systems are 2‐dimensional antenna structure placed in the
horizontal or vertical plane; therefore, the large EAS can bring them more scattering to enhance the performance
especially for the multipolarized URA massive MIMO systems.
6 | CONCLUSION

In this paper, we implemented the multipolarized antennas in massive MIMO systems to improve the systems
performance and establish 3‐D geometrical channel models for the proposed multipolarized massive MIMO systems.
Using multipolarized antennas in massive MIMO systems can help to decline the channel orthogonality between users
and reduce the demand for large antenna spacing to realize the space efficiency. The multipolarized massive MIMO
systems have better performance than the unipolarized massive MIMO systems in many situations. Also, the
multipolarized antennas implemented in massive MIMO systems cause the power loss and imbalance between
antennas. Therefore, the multipolarized massive MIMO systems do not outperform unipolarized massive MIMO
systems when SNR is low. Finally, if the space efficiency and the miniaturization of equipments are of primary concern,
the multipolarized antennas would be the best choice for massive MIMO systems.
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