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Abstract—In this paper, we change the geometric structure
of antenna array and extend our previous channel model of
massive MIMO system with uniform linear array (ULA) to that
of massive MIMO systems with uniform circular array (UCA)
and uniform rectangular array (URA). Three massive MIMO
systems with UCA, URA and ULA antenna array structures
are named as UCA, URA and ULA Massive MIMO Systems,
respectively, whose performance are analyzed and compared.
The ULA massive MIMO system can make full use of space
degree of freedom due to the large antenna array to achieve the
best performance, however it is very difficult to be installed
and placed on Base Station (BS) due to the large antennas
array. The UCA massive MIMO system outperforms the URA
massive MIMO system in many communication scenarios. The
URA massive MIMO system is also sensitive to the elevation
angle spread (EAS) by developing the degree of freedom in
the vertical direction, and the spherical wave (SW) effect is
very weak for URA antenna array because of the compact
antenna structure. Finally, we give some guidelines for choosing
the appropriate antenna array structures according to the
communication scenarios and requirements.

Index Terms—Massive MIMO, 5G, channel model, UCA,
URA.

I. INTRODUCTION

In recent years, the massive MIMO (Multi-Input Multi-
Output) technology has attracted wide attention from
academia and industry because it can greatly improve the
spectral efficiency without increasing the spectrum resources
and the total transmitting power, which is regarded as the
core candidate technology of 5G (5th Generation) and it can
be also used in the next generation WiFi [1], B5G (beyond
5G) or even 6G (6th Generation) [2]. Wireless mobile channel
study is the basis of performance analysis in wireless mobile
communication system, which is also the most basic and
important part for massive MIMO system research. To under-
stand and master the channel characteristics of the massive
MIMO system and to establish the channel model for the
massive MIMO system are essential for choosing appropriate
system architecture, a reasonable communication scheme and
improving system performance.

Massive MIMO system has a large number of antennas at
base station (BS) that is serving several single-antenna users
simultaneously, which has quite different channel characteris-
tics from traditional MIMO systems. So far, there are a lot of
works focused on massive MIMO system channel modeling. A

theoretical non-stationary 3D wideband twin-cluster channel
model for massive MIMO system was proposed in [3]. This
model mainly focused on the non-stationary and spherical
wave (SW) effect with uniform linear array (ULA) antennas
at both transmitter and receiver. The authors used survival
probability to describe the appearance and disappearance of
clusters, the further apart the two antennas are, the less proba-
bility they will receive signals from the same cluster, which is
called birth-death process. In [4], a non-stationary wideband
multi-confocal ellipse 2D channel model was proposed, where
the nth cluster is on the nth ellipse. Xie et al. [5] proposed
a 3D two-cylinder regular-shaped model for non-isotropic
scattering massive MIMO system channel. In this model,
all the scatters are distributed on the surface of a cylinder
and each antenna has its own 3D visible area by setting a
virtual sphere. When the distance between a cluster and an
antenna is less than the radius of the sphere, the cluster can
be seen, hence different antennas will receive signals from
different clusters to characterize the array non-stationarity.
Wu et al. [6] proposed a novel Kronecker-based stochastic
model for massive MIMO system channel and also used
birth-death process to model the evolution of scatterers. A
novel 2D non-stationary wideband model for massive MIMO
system was proposed in [7]. In this model, the near-field effect
was modeled by a second-order approximation to SW, which
was called parabolic wavefront. Subsequently, the authors
extended the model in [7] to 3D channel model in [8] and
compared it with the channel measurements. Liu et al. [9]
focused on the SW effect study and investigated the channel
capacity of ULA massive MIMO system in LoS scenario,
and both point-to-point (P2P) and multi-user (MU) massive
MIMO system were considered. Chen et al. [10] proposed
a novel twin-multi-ring channel model for massive MIMO
system, where a new cluster generation algorithm based on
birth-death process is proposed to describe the appearance
and disappearance of clusters.

The main contributions of this paper are summarized as
follows.

1) Since the existing massive MIMO system channel mod-
els only care about linear array and the structures of the
antennas array directly affecting the system performance
[11], we change the geometric structure of the antennas
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and extend our previous ULA massive MIMO system
channel model in [12] to other two popular massive
MIMO systems antennas array structures, i.e., uniform
circular array (UCA) and uniform rectangular array
(URA) to make full use of space degree of freedom
and establish 3D geometrical channel models for them.
Reference [12] only considered the linear array, while
this paper gives a broader comparison.

2) The proposed channel models comprise the parameters
of communication environment and antennas such as
scattering status, near-field effect, antennas array struc-
tures etc, which can be adjusted according to the com-
munication environment and are easily implemented.
The proposed models are compared with measurements
for validation.

3) The performances of three kinds of antenna arrays for
massive MIMO systems are analyzed and compared,
and some guidelines for choosing the appropriate an-
tennas array structures are presented according to the
communication scenarios and requirements.

The rest of this paper is organized as follows. 3D geometri-
cal channel modeling for UCA massive MIMO system using
SW is presented in Section II. In Section III, the URA massive
MIMO system channel is modeled. Section IV presents the
simulation results and analysis. Finally, we conclude the paper
in Section V.

II. 3D GEOMETRICAL CHANNEL MODELING FOR UCA
MASSIVE MIMO SYSTEM

In our paper, we assume a massive MIMO system has a
BS equipped with M antennas is serving K (K < M ) single-
antenna users (users equipped with multiple antennas will be
discussed in the future) at the same time in the same cell.
According to [13], the channel matrix can be defined as

H = [h1,h2...hk...hK ] ∈ CM×K (1)

where hk = [h1,k, h2,k...hm,k...hM,k]
T is the channel vector

of user k, and hm,k is the complex channel gain between BS
antenna m and user k. Many studies and researches show
that the favorable propagation characteristic (i.e., channel
orthogonality between different users) is the most important
property in massive MIMO system [11]

1

M
hH
p hq

a.s.−−−−→
M→∞

{
0, p ̸= q

1, p = q
(2)

where H denotes the Hermitian transform and a.s.−−→ is almost
sure convergence. The favorable propagation can reduce the
interference between users and simplify the precoding and
signal detection algorithm of massive MIMO system, and
in [14] the channel orthogonality between two users can be
computed as

δp,q =
|(hp)

Hhq|
||hp|| · ||hq||

(3)

where || · || denotes the Euclidean norm. According to the
theoretical study in [15], the channel capacity of massive

Fig. 1. Antenna array structure of UCA massive MIMO system.

MIMO system is given by [15]

C = max
P

log2[det(I+
ρK

M
HPHH)] (4)

where ρ is the signal-to-noise ratio (SNR), and I is a identity
matrix. P is a diagonal matrix with elements (p1...pk...pK)
satisfying

∑K
k=1 pk = 1 for power allocation.

UCA antennas are widely used in massive MIMO system
because they are easily implemented and placed, where all
the antennas are uniformly-spaced on a circular edge in UCA
massive MIMO system as shown in Fig. 1. Fig. 1 is the top
view and the antenna Am is placed in the position Sm. All
the antennas are placed in the horizontal plane with adjacent
antenna spacing d. From Fig. 1 we can get θ = 2π

M , θ2 =
θ, θ3 = 2θ, ..., θm = (m− 1)θ, and the circle radius r is

r =
d

2sin(θ/2)
(5)

The distances between antenna A1 and another antenna Am

are

d1,m =
dsin(θm/2)

sin(θ/2)
(6)

To make analysis tractable, we first analyze the relationship
between antennas A1 and Am as shown in Fig. 2. We regard x-
S1-y plane as the horizontal plane and the antenna spacing is
d1,m. The signals come from different direction with azimuth
angles of arrival (AAoA) αX(X ∈ {1, 2...M} and elevation
angles of arrival (EAoA) βX(X ∈ {1, 2...M}. S is the last
scattering point, S

′
is the projection of S on the horizontal

plane x-S1-y. The distance between the S
′

and the x axis is
dy , the distance between the S

′
and the y axis is dx, and the

height of S is h. From Fig. 2 we can see that the signals at
the antennas are sphere, and the exact distances between the
signal scattering point S and two antennas are

SS1 =
√

(d2x + d2y + h2)

SSm =
√
(S1S

′
m + dx)2 + (dy − SmS′

m)2 + h2 (8)
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Fig. 2. 3D UCA massive MIMO system communication scenario using SW.

where S
′

mS1, SmS
′

m are the functions of the number of
antennas and antenna spacing. Then for different antennas we
have

S
′

2S1 = rsinθ2, S2S
′

2 = r − rcosθ2

...

S
′

mS1 = rsinθm, SmS
′

m = r − rcosθm (9)

Regarding antenna A1 as a reference antenna, one path
of multipath channels (may be the nth path channel of the
N multipath channels and we omit nth notation for sample
expressions) at antennas A1 and Am of UCA massive MIMO
system can be expressed as

hUCA
1 = Aej(ϕ+2π

√
d2
x+d2

y+h2/λ) (10)

hUCA
m = Aej(ϕ+2π

√
(rsinθm+dx)2+[dy−(r−rcosθm)]2+h2/λ)

(11)
where A is the receiving amplitude, ϕ is the receiving random
phase with uniform distribution on the interval [−π, π) [16].
According to the geometrical relationship in Fig. 2 we can
get

dx = tan(αm) ∗ [dy − (r − rcosθm)]− rsinθm

h = tan(βm)

∗
√
tan2(αm) ∗ [dy − (r − rcosθm)]2 + [dy − (r − rcosθm)]2

(12)

Then the channel vector of user k in UCA massive MIMO
system using SW can be obtained as eq. (7). As for AAoA
and EAoA, we also use the uniform distribution with certain
azimuth angle spread (AAS) and elevation angle spread (EAS)

p(Θ) =
1

2∆Θ
,−∆Θ+Θ0 ≤ Θ ≤ ∆Θ+Θ0 (13)

Fig. 3. UCA massive MIMO system condition number compared with
measurements.

where ∆Θ is the AAS/EAS, and Θ0 is the mean
AAoA/EAoA.

Fig. 3 compares the UCA massive MIMO system condition
number (condition number is defined as the ratio between
the largest eigenvalue value σmax and the smallest eigenvalue
value σmin of HHH [17]) with the measurements in [17].
We set the channel parameters according to the measurements
settings and environment in [17] strictly. The measurements
were conducted in outdoor campus environment, where the
BS antenna is 112 uniform cylindrical array with λ/2 antenna
spacing on the top of a large building and K = 2. Both
AAS and EAS are set to be 30◦ due to the residential urban
area environment, and dy is set to be 1000λ because the BS
antennas are not far from the measurements positions. Fig. 3
shows that the simulation results are in good agreement with
the measured data.

III. 3D GEOMETRICAL CHANNEL MODELING FOR URA
MASSIVE MIMO SYSTEM

The URA is another popular antenna structure in massive
MIMO system. As shown in Fig. 4, both the horizontally and
vertically antenna spacings are d [13]. The channel model
analysis of URA massive MIMO system is a little more
complex. In like manner, we first analyze the relationship
between two antennas A11 and Amn as shown in Fig. 5. The
exact distances between the signal scattering point S and the

hUCA
k =


hUCA
1,k

...
hUCA
m,k

...
hUCA
M,k

=


Ake

j(ϕk+2π
√

d2
x,k+d2

y,k+h2
k/λ)

...

Ake
j(ϕk+2π

√
(rsinθm+dx,k)2+[dy,k−(r−rcosθm)]2+h2

k/λ)

...

Ake
j(ϕk+2π

√
(rsinθM+dx,k)2+[dy,k−(r−rcosθM )]2+h2

k/λ)

 (7)
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Fig. 4. Antenna array structure of URA massive MIMO system.

two antennas are

SS11 =
√
(d2x + d2y + h2)

SSmn =
√
(S11S

′
mn + dx)2 + d2y + (h− SmnS

′
mn)

2 (15)

where SmnS
′

mn, S
′

mnS11 are the multiples of the antenna
spacing. Regarding antenna A11 as a reference antenna, the
channel of antenna A11 and Amn can be expressed as

hURA
mn = Aej(ϕ+2π

√
(d2

x+d2
y+h2/λ) (16)

hURA
mn = Aej(ϕ+2π

√
((n−1)d+dx)2+d2

y+(h−(m−1)d)2/λ) (17)

According to the geometrical relationship in Fig. 5, we can
obtain

dx = tan(αmn) ∗ dy − (n− 1)d

h = tan(βmn)
√

tan2(αmn)d2y + d2y + (m− 1)d (18)

Then we can get the channel vectors of user k in URA mas-
sive MIMO system as eq. (14). Fig. 6 compares channel ca-
pacity of URA massive MIMO system with the measurements
in [18]. The transmitter is 256 URA on the top of a high build-
ing and the receiver is 16 antennas to form 256×16 massive
MIMO system. [18] also showed the measured AAS/EAS,
and we set the channel parameters according to the measured
data. AAS is 20.89◦, EAS is 10.47◦ and the antenna spacing
is half-wavelength. Fig. 6 shows that the simulation results

Fig. 5. 3D URA massive MIMO system communication scenario using SW.

Fig. 6. Channel capacity of URA massive MIMO system vs SNR

can match the measured data, and there is small difference
between simulation results and the measurements. This is
because in the measurements campaign, all the antennas are
multi-polarized antennas, while in our models we did not
consider the multi-polarized antennas

IV. SIMULATION RESULTS AND ANALYSIS

For the parameters of AAS and antenna spacing, the UCA
and URA massive MIMO systems have the same performance
as ULA massive MIMO system as shown in [12]. We focus on
the comparison of three kinds of massive MIMO systems. Fig.

hURA
k =



hURA
11,k

hURA
12,k

...
hURA
21,k

...
hURA
mn,k

=



Ake
j(ϕk+2π

√
d2
x,k+d2

y,k+h2
k/λ)

Ake
j(ϕk+2π

√
(d+dx,k)2+d2

y,k+h2
k/λ)

...

Ake
j(ϕk+2π

√
d2
x,k+d2

y,k+(hk−d)2/λ)

...

Ake
j(ϕk+2π

√
((n−1)d+dx,k)2+d2

y,k+(hk−(m−1)d)2/λ)


(14)
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Fig. 7. Channel orthogonality of three massive MIMO systems vs number
of antennas with different EAS.

Fig. 8. Channel orthogonality of UCA and URA massive MIMO systems
vs number of antennas using both PW and SW.

7 compares the channel orthogonality of three massive MIMO
systems vs. number of antennas with different EAS. We use
the square antennas structure by setting m = n in URA
massive MIMO system. From Fig. 7 we can see that the ULA
massive MIMO system has the lowest channel orthogonality
because of the huge antennas array, while the URA massive
MIMO system has the highest channel orthogonality due
to the compact antennas structure. Different from the ULA
massive MIMO system, the channel orthogonality of UCA and
URA massive MIMO systems is also sensitive to the EAS, and
a larger EAS results in a lower channel orthogonality. This
is because the UCA and URA massive MIMO systems are
two dimensional antennas structure placed in the horizontal
or vertical plane, which can develop the degree of freedom
in the vertical direction. The channel orthogonality of URA
massive MIMO system is more sensitive to the EAS than
UCA massive MIMO system, and the channel orthogonality of

Fig. 9. Channel capacity of three massive MIMO systems vs number of
antennas using SW.

URA massive MIMO system declines a lot as EAS gets larger
compared with UCA massive MIMO system. Fig. 8 compares
the channel orthogonality of UCA and URA massive MIMO
systems vs. number of antennas using both PW and SW.
For UCA massive MIMO system, the channel orthogonality
performance has the same characteristics as the ULA massive
MIMO system. The SW curves overlap the PW curve when
the number of antennas is small. As the number of antennas
increases, the channel orthogonality using the PW and SW
becomes different. As the distance between the scattering
point and the BS antennas becomes larger, the SW curve
gets closer to the PW curve, which means the SW effect is
weakened as the distance between the scattering point and
the BS antennas becomes larger. For URA massive MIMO
system, the SW curves always overlap the PW curve even
when the number of antennas is large and the distance between
the scattering point and the BS antennas is small, which
means the SW effect is very weak for the URA massive
MIMO system because the URA massive MIMO system has a
compact antennas structure. Fig. 9 shows the channel capacity
of three massive MIMO systems using SW. SNR is set to
be 10 dB, K = 8 and the power is uniformly allocated. As
the number of antennas increases, all the channel capacities
increase to a certain extent and to continue adding antennas
makes very little improvement such as beyond 100 antennas.
With the lowest channel orthogonality, the ULA massive
MIMO system has the highest channel capacity. While the
URA massive MIMO system has the lowest channel capacity
because of the highest channel orthogonality.

Finally, we compare and summarize the performance of
antenna array structures for three massive MIMO systems as
shown in TABLE I. The ULA massive MIMO system can
make full use of space degree of freedom due to the large
antenna array to achieve the best performance. However, the
ULA is very difficult to be installed and placed on BS due
to the large antenna array. For example, a 100-ULA antenna
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TABLE I
PERFORMANCE COMPARISON OF ANTENNA ARRAY STRUCTURES OF THREE PROPOSED MASSIVE MIMO SYSTEMS.

Antennas array
structure

Array size Azimuth angle
spread

Elevation
angle spread

Antenna
spacing

Spherical
wave effect

Channel
orthogonality

Capacity Placement

ULA Large Sensitive Insensitive Sensitive Strong Low High Difficult
UCA Medium Sensitive Medium Sensitive Medium Medium Medium Easy
URA Compact Sensitive Sensitive Sensitive Weak High Low Easy

at 2.5 GHz with half-wavelength antenna spacing can reach
5.94 m, which is really hard to be put on the BS. The
UCA massive MIMO system outperforms the URA massive
MIMO system in many communication scenarios and is easy
to be installed and placed. While the URA massive MIMO
system is also sensitive to the EAS by developing the degree
of freedom in the vertical direction, and the SW effect is
very weak for URA antenna because of the compact antenna
structure. For instance, a 10 × 10 URA antenna at 2.5 GHz
with half-wavelength antenna spacing only needs 0.29 square
meters, which is also easy to be placed and implemented
relative to ULA antenna array. Therefore, it is important to
choose the appropriate antenna array structures according to
the communication scenarios and requirements, and TABLE
I gives some guidelines.

V. CONCLUSION

In this paper, 3D geometrical channel models are es-
tablished in UCA and URA massive MIMO systems. The
proposed channel models comprise the parameters of commu-
nication environment and antennas such as scattering status,
near-field effect, antennas array structures etc, which can be
adjusted according to the communication environment and are
easy to be implemented. We focus on the comparison of three
types of massive MIMO systems. The ULA massive MIMO
system has the best performance, and the UCA massive
MIMO system outperforms the URA massive MIMO system
in many communication scenarios. The URA massive MIMO
system is also sensitive to the EAS by developing the degree
of freedom in the vertical direction, and the SW effect is
very weak for URA antennas array because of the compact
antennas structure.
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