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ABSTRACT This paper presents a three-dimensional (3D) massive multiple-input and multiple-output
(MIMO) antenna array model, which includes the spherical array assumption and geometric properties for
future fifth generation (5G) wireless communications. A parametric approximation algorithm is developed
for estimating the spatial fading correlations (SFCs) and channel capacities of the 3DmassiveMIMO antenna
array systems under different power angular spectrum (PAS). The relationship between correlation with the
spacing of antenna arrays and angular parameters was classified. The results show that the simulation values
of the approximate method fit the theoretical calculation very well, thereby validating the feasibility of the
proposed 3D large-scale massive MIMO model.

INDEX TERMS Massive MIMO antenna array, spatial fading correlation, power Azimuth spectrum,
approximation algorithm.

I. INTRODUCTION
Massive multiple-input and multiple-output (MIMO) tech-
nologies have been suggested as a promising technology
in modern wireless communication systems [1]. The fifth
generation (5G) wireless communication networks providing
with more stable and high-speed wireless access services
are expected to further improve user experience, which put
forward higher requirements related to the artificial intel-
ligence for MIMO key technologies [2]–[4]. It has been
demonstrated that the scattering distribution and MIMO
antenna structures and polarization employed have a critical
impact on the MIMO channel performance. To establish
more superior communication systems, one essential work
is to investigate the channel characteristics for 5G massive
MIMO channel models [5]. As the most fundamental channel
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parameters, the spatial fading correlation (SFC) and channel
capacity play an important role in the planning, evaluation,
and optimization of massive MIMO wireless communication
systems [6], [7].

Until now, many researchers have carried out works and
modeling analysis of antenna arrays for the wireless transmis-
sion environment. References [8]–[11] proposed a series of
MIMO planar antenna arrays, such as the uniform linear array
(ULA), uniform circular array (UCA), uniform rectangular
array (URA), and the L-shaped array configurations are
proposed and investigated. The correlation-based traditional
Kronecker models were demonstrated to help analyze the
performance of compact MIMO systems [12]. Moreover,
Mammasis presented the concept of Von-Mises-Fisher
distribution in [13] and analyzed the SFC functions for
the UCA antenna channels. Furthermore, in the 5G MIMO
technology high-capacity evaluation, Zhou et al. [14] devel-
oped an electromagnetic vector sensor and applied it to
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the deterministic covariance matrix of the MIMO uniform
concentric circular array (UCCA) at the transmitter and
receiver. Besides, the UCCA was compared with the ULA
and UCA in the same channel model to demonstrate that the
use of a UCCA can effectively reduce the dynamic range and
system noise of the compensation filter which were generated
in obtaining a large bandwidth range for the stable frequency
using the UCA antennas [15]. Nevertheless, these array
configurations are limited to 2D analyses and do not apply to
general massiveMIMO systems for the low spatial utilization
and concern about antenna blockage from outer antennas.

As an important communication scenario, massive MIMO
channel modeling has received more and more attention in
recent years. The existing research has involved a series
of typical power angular distributions such as the uniform,
Gaussian and Laplacian distribution [16]. The authors in [17]
derived the three-dimensional (3D) spatial correlation func-
tions for the antenna systems using uniform concentric ring
arrays (UCRAs) under a uniform angular distribution, which
investigated the 3D spatial correlation for any two different
elements located at any two rings of a UCRA. The authors
in [18] proposed a generalized analytical expression for the
spatial correlation function for the full dimension MIMO
(FD-MIMO) channel constituted by UCAs of antenna ports
at the base station and the mobile station. Furthermore,
the authors in [19] researched the near-field effects and non-
stationarity of the MIMO antenna arrays. However, they
did not consider the impact of the spherical wavefront and
the time-variant properties on the non-line-of-sight (NLoS)
components. For massive MIMO communication systems,
the authors in [20] presented a theoretical non-stationary
wide-band twin-cluster channel model and time-variant and
array-variant elliptical channel model, respectively. The time
and frequency cross-correlation functions for every propaga-
tion component were analyzed; however, the angular spread
of the incident signals in the elevation plane was not dis-
cussed in detail. Recently, a novelMIMO channel model with
a 3D antenna array for congested curved-street vehicle-to-
vehicle communication environments was presented in [21],
in which the scatterers are located within narrow arcs along
the curved street. The temporal and spatial cross-correlation
functions corresponding to the single- and double-bounced
scattering propagation paths were deduced; while the spatial
fading correlations under different power angular spectrum
(PAS) and channel capacities for the massive MIMO systems
were not included. In the massive MIMO channel modeling,
the traditional planar antenna array models cannot be applied
directly, because of the changeable shape of mobile receivers
and special communication environment [22].

In this paper, we present further analysis of a 3D massive
MIMO antenna array model for future 5G wireless com-
munications. A 3D spherical assumption is used in the pro-
posed model, instead of the 2D planar wavefront assumption
used in the traditional MIMO channel models. To evaluate
the performance of the proposed 3D massive MIMO antenna
arrays, we apply a parametric approximation algorithm for

the spatial fading correlations and the channel capacities of
the 3D massive MIMO antenna arrays systems under differ-
ent power azimuth spectrum. Besides, the applicability and
computation time efficiency of the approximation algorithm
are quantitatively analyzed considering the power spectrum
PAS of indoor and outdoor environment, which provides an
important theory for designing MIMO channels. The main
contributions of this work are given as follows:

(1) We propose a 3D massive MIMO antenna array model
with a spherical assumption for 5G wireless communication
systems; works which have not been regularly found in the
previous literature. The performance of the proposed antenna
array model is analyzed in detail, including the impact of the
antenna spacing on the spatial correlation between different
antenna elements.

(2) We present a spherical wavefront assumption, instead
of the planewavefront assumption, to characterize the statisti-
cal proposition properties of massive MIMO communication
systems. The impact of the spherical wavefront assumption
on both the line-of-sight (LoS) and NLoS components in
temporal and frequency domains are studied.

(3) A parametric approximation algorithm is employed in
estimating the performance of the proposed massive MIMO
antenna array model; the results show that the simulation
results of the approximate method fit the theoretical calcu-
lation very well, which greatly improve the efficiency of
analyzing and simulating large-scale massive MIMO com-
munication systems.

(4) The SFCs and channel capacities of the proposedmodel
are derived and investigated based on the parametric approx-
imation algorithm; the simulation results provide theoretical
guidance for the scattering distribution and antenna array
layout of future massive MIMO channels in various indoor
and outdoor testing scenarios.

The remainder of this paper is organized as follows: In
Section II, the proposed 3D massive MIMO antenna model is
discussed. Section III explains the parametric approximation
algorithms for the SFCs and channel capacities of the 3D
massive MIMO antenna arrays systems under different PAS.
In Section IV, numerical results are presented and discussed.
Finally, our conclusions are presented in Section V.

II. 3D MASSIVE MIMO ANTENNA ARRAY MODEL
A. SPHERICAL ARRAY ASSUMPTION
It is worth mentioning that the plane wavefront assump-
tion is not fulfilled for 3D massive MIMO antenna array
model [23]. This is because when we investigate the sta-
tistical propagation properties of massive MIMO channel
model, it is improper to ignore the dimension of the antenna
array [1]. Furthermore, the statistical propagation properties
vary significantly over the large-scale antenna array. There-
fore, we assume that the wavefront emitted from the inter-
fering objects to the receiving array in the channel model is
spherical. In this case, the angular parameters are no longer
linear along the array. Instead, they must be computed based
on the geometric relationships of the channel model [20].
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FIGURE 1. (a) Geometric uniform circular array; (b) Geometric uniform
concentric circular array.

As introduced in [12], the UCA antenna array shown
in Fig. 1(a) is not fulfilled for 5G massive MIMO technol-
ogy high-capacity evaluation because the dynamic range and
system noise of the compensation filter cannot be ignored.
It is confirmed in [15] that the UCCA array antenna shown
in Fig. 1(b) can effectively solve this problem. In this case,
the signal spherical wavefront assumption is proposed, more-
over, the channel impulse response of MIMO antenna arrays
can be separated into steering-vector-dependent and time-
dependent components [13], which can be expressed as

h(t) =
P∑
p=1

ap(t)9
(
2p, gp

)
(1)

where P denotes the number of large-scale antennas, ap(t) is
one of a set of zero-mean complex independent identically
distributed random variables, and 9(2p, gp) is the steering
vector of the compact antenna array in 3D space. The spatial
vector parameters are given as 2 = [θ, ϕ]T and g =
[γ, η]T . The scalars 0 ≤ ϕ ≤ 2π and −π/2 ≤ θ ≤

π/2 denote the elevation and azimuth angles concerning the
positive x- and z-axes, respectively. Moreover, the polariza-
tion phase difference and the auxiliary polarization angle are
respectively denoted by the scalars −π ≤ η ≤ π and
0 ≤ γ ≤ 2π . Then under the assumption that the antenna
elements are vertically polarized, we can express the steering
vector of the UCCA in Fig. 1(b) as

a(θ, ϕ)UCCA = [a1(θ, ϕ), a2(θ, ϕ), . . . , aP(θ, ϕ)]T (2)

where the superscript [·]T stands for the transpose and
ap(θ, ϕ)UCCA is the phase delay at the p-th array element
which can be expressed as

ap(θ, ϕ)UCCA

=



exp
{
j2π

rp
λ
cos

(
φ −

2π (l − 1)
L

)
cos (θ)

}
,⌈ p

L

⌉
= 2k − 1, k = 1, 2, 3 . . .

exp
{
j2π

rp
λ
cos

(
φ −

π (2l − 1)
L

)
cos (θ)

}
,⌈ p

L

⌉
= 2k, k = 1, 2, 3 . . .

(3)

where l = 1, 2, . . . , p − bp/L c × L, . . . ,L, rp denotes the
radius of the p-th array element and λ represents the signal
wavelength.

The dimension attribute of the antenna array is expected
to have a great impact on the overall channel performance.
We herein introduce the large-scale omni-directional antenna
array model including the spherical array assumption and
geometric properties, as shown in Fig. 2.

FIGURE 2. Proposed 3D massive MIMO antenna array.

B. SPACE AUTO-CORRELATION
Here in the proposed model, the omnidirectional spherical
antennas receive signal wavefront emitted from the 3D clus-
ters. We therefore present the whole antenna system as a 3D
space spherical box. The antenna array elements are situated
on the surface of in the spherical box, which constitutes the
proposed 3D massive MIMO antenna array model. Further-
more, to realize the proposed 3D massive MIMO system,
we number each antenna element according to the positions
of each antenna element on the faces of the hemispheres,
as shown in Fig. 2. In this case, the steering vector for the
proposed array model can be expressed as

a(θ, ϕ) =
[
ejζ cos(ϕ−ϕ1) sin(θ−θ1), ejζ cos(ϕ−ϕ2) sin(θ−θ2),

. . . , ejζ cos(ϕ−ϕp) sin(θ−θp),

. . . , ejζ cos(ϕ−ϕP) sin(θ−θP)
]

(4)

where the phase steering for the p-th element is denoted by
ap(θ, ϕ) = ejζ cos(ϕ−ϕp) sin(θ−θp), ζ = 2π R

λ
, where R rep-

resents the radius of the spherical array. The azimuth and
elevation angles concerning the x- and z-axes are respectively
denoted by the scalars 0 ≤ ϕ ≤ 2π and −π/2 ≤ θ ≤ π/2.
Further, let us define V as the number of meridional rings
andW as the number of zonal rings of the proposed vehicular
antenna array model, therefore, the number of the large scale
antennas P = 2 × V ×M . According to the spherical upper
and lower hemisphere array structure, the initial phase of the
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p-th element can be expressed as

ϕp = 2π
l − 1
L

, l = 1, 2, . . . , p−
⌊ p
L

⌋
× L, . . . ,L (5)

θp =
π

W + 1

(W + 1
2
− w

)
, w = 1, 2, . . .

⌈ p
L

⌉
, . . . ,W

(6)

Please note that the expression in (2) assumes that the
receive antennas are in the near field of the transmit antennas.
Thus, the general space auto-correlation function with respect
to the p-th and q-th elements can be defined as

ρ(p, q) =
E
{(
hp − h̃p

)(
hq − h̃q

)}
√
E
{(
hp − h̃p

)2}
E
{(
hq − h̃q

)2}

=

∫
ϕ

∫
θ
ap (θ, ϕ) a∗q (θ, ϕ) sin (θ) f (θ, ϕ) dθdϕ√∫
ϕ

∫
θ

∣∣ap (θ, ϕ)∣∣2 sin (θ) f (θ, ϕ) dθdϕ
×

1√∫
ϕ

∫
θ

∣∣aq (θ, ϕ)∣∣2 sin (θ) f (θ, ϕ) dθdϕ (7)

where E[·] denotes the expectation, the superscript (·)∗ is the
complex conjugate, the scalar h̃p is the mean value of the
channel impulse response at antenna p, and the scalar f (θ, ϕ)
is the joint probability density function (PDF) of the AoD of
the multipath signal in 3D space.

III. APPROXIMATION ALGORITHM BASED CHANNEL
CHARACTERISTICS
As described in [9], the analysis of channel correlations of the
received signals by the antenna array in the three-dimensional
domain also should be decomposed into the analysis of the
azimuth and elevation angles. Furthermore, we assume that
the elevation and azimuth angles are independent of each
other [24], thus the function f (θ, ϕ) can be decomposed
to f (θ )f (ϕ).

A. SPATIAL FADING CORRELATION UNDER UNIFORM
DISTRIBUTION
For the proposed 3D large-scale arrays, we assume the
incident signals are uniformly distributed in the eleva-
tion and azimuth planes, i.e., θ and ϕ are uniformly dis-
tributed over the range of angles [θM −1θ , θM +1θ ].
and

[
ϕM −1ϕ, ϕM +1ϕ

]
. 1θ and 1ϕ are the eleva-

tion spread (ES) and azimuth spread (AS), respectively;
θM and ϕM are the mean azimuth of arrival (MAOA) and
mean elevation of arrival (MEOA), respectively. Therefore,
the power azimuth spectrum functions can be expressed as

p (ϕ) =
1

21ϕ
, ϕM −1ϕ ≤ ϕ ≤ ϕM +1ϕ (8)

p (θ) =
1

21θ
, θM −1θ ≤ θ ≤ θM +1θ (9)

From (7), the SFC between the antenna elements p and q
of the proposed 3D array can be expressed as

ρ (p, q)

= G1

∫ ϕM+1ϕ

ϕM−1ϕ

∫ θM+1θ

θM−1θ

exp{j2π
R
λ
[cos(ϕ − ϕp)

× sin(θ − θp)− cos(ϕ − ϕq) sin(θ − θq)]} sin θdθdϕ

= G1

∫ ϕM+1ϕ

ϕM−1ϕ

∫ θM+1θ

θM−1θ

exp[j sin θ (Z1 cosϕ

+Z2 sinϕ)+ j cos θ (Z3 cosϕ + Z4 sinϕ)] sin θdθdϕ

= G1

∫ ϕ+1ϕ

ϕ−1ϕ

∫ θM+1θ

θM−1θ

exp[jZ5 sin θ sinα

+ jZ6 cos θ sinβ] sin θdθdϕ (10)

where G1 = sin θM sinϕM/(41ϕ1ϕ), ϕ = ϕM + ε + γ ,

Z5 =
√
Z2
1 + Z

2
2 , Z6 =

√
Z2
3 + Z

2
4 , α = ϕ + ε, β = ϕ + γ ,

and

Z1 = 2πR/λ
(
cosϕp cos θp − cosϕq cos θq

)
(11)

Z2 = 2πR/λ
(
sinϕp cos θp − sinϕq cos θq

)
(12)

Z3 = 2πR/λ
(
cosϕq sin θq − cosϕp sin θp

)
(13)

Z4 = 2πR/λ
(
sinϕq sin θq − sinϕp sin θp

)
(14)

ε = tan−1 (Z1/Z2) (15)

γ = tan−1 (Z3/Z4) (16)

We can further simplify (10) by making use of the well-
known series [25], and the real and imaginary parts of ρ (p, q)
can be expressed as

Re{ρ(p, q)}

= G1

∫ ϕ+1ϕ

ϕ−1ϕ

∫ θM+1θ

θM−1θ

[J0(Z5 sin θ + Z6 cos θ )

+ 2
∞∑
k=1

{J2k (Z5 sin θ + Z6 cos θ ) cos(2kα) cos(2kβ)]

× sin θdθdϕ} (17)

Im {ρ(p, q)}

= G1

∫ ϕ+1ϕ

ϕ−1ϕ

∫ θM+1θ

θM−1θ

2
∞∑
k=1

× sin [(2k + 1)α) sin ((2k + 1)β] sin θdθdϕ

×J2k+1
(
Z5 sin θ + Z6 cos θ

)
(18)

where Jk (∗) is the Bessel function of k-th order and

Jv (Z ) =
(
Z
2

)v ∞∑
k=0

(−1)k

(k!) 0 (v+ k + 1)

(
Z
2

)2k

(19)

where 0 (∗) is Gamma function, the series converges rapidly
when values of Z become smaller. The use of these series
should be satisfactory when considering antenna spacing up
to several carrier wavelengths. Moreover, when assuming the
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elevation spread 1θ and azimuth spread 1ϕ are small [26],
we can obtain the spatial fading correlation approximation
algorithm of the 3D massive MIMO antenna arrays under
uniform distribution as

Re[ρ(p, q)]

= J0(Z5 sin θ + Z6 cos θ )

+ 2
∞∑
k=1

[J2k (Z5 sin θ + Z6 cos θ )

× cos(2kα) cos(2kβ) sin c(2k1ϕ) sin c(2k1θ )] (20)

Im[ρ(p, q)]

= 2
∞∑
k=0

[J2k+1 (Z5 sin θ + Z6 cos θ)

× sin ((2k + 1) α) sin ((2k + 1) β)

× sin c
(
(2k + 1)1ϕ

)
sin c ((2k + 1)1θ )] (21)

ρ(p, q)

≈ exp(−j(Z5 sin θ + Z6 cos θ ) sinα sinβ)

× sin c((Z5 sin θ + Z6 cos θ ) cosα cosβ1ϕ1θ ) (22)

B. SPATIAL FADING CORRELATION UNDER GAUSSIAN
DISTRIBUTION
Secondly, if we assume that the azimuth and elevation θ and
ϕ of incident signals follow the Gaussian angle energy distri-
bution, respectively. The power azimuth spectrum functions
can be expressed as

p (ϕ) =
Cg
√
2πσ

exp

{
−
(ϕ − ϕC )

2

2σ 2

}
(23)

p (θ) =
Cg
√
2πσ

exp

{
−
(θ − θC )

2

2σ 2

}
(24)

where σ denotes the standard deviation of the Gaussian distri-
bution, which is not related to the azimuth and elevation angle
spreads in wireless channels [27]. TheCg is the normalization
constant, θC and ϕC are the central azimuth of arrival (CAOA)
and elevation of arrival (CEOA), respectively.

Then we can get the expression of the spatial fading corre-
lation function between the two elements for our 3D spherical
arrays under the Gaussian angular distribution with the same
method in Section III.A, i.e.,

ρ(p, q)

= G2

∫ ϕM+1ϕ

ϕM−1ϕ

∫ θM+1θ

θM−1θ

exp{j2π
R
λ
[cos(ϕ − ϕp)

× sin(θ − θp)− cos(ϕ − ϕq) sin(θ − θq)]} sin θdθdϕ

= G2

∫ ϕM+1ϕ

ϕM−1ϕ

∫ θM+1θ

θM−1θ

exp[j sin θ (Z1 cosϕ + Z2 sinϕ)

+ j cos θ (Z3 cosϕ + Z4 sinϕ)− (ϕ − ϕC )2

− (θ − θC )2] sin θdθdϕ

= G2

∫ ϕ+1ϕ

ϕ−1ϕ

∫ θM+1θ

θM−1θ

exp[jZ5 sin θ sinα + jZ6 cos θ sinβ

− (ϕ − ϕC )2 − (θ − θC )2] sin θdθdϕ (25)

where G2 = (1/2πσ 2) sin θM sinϕM , 1θ and 1ϕ are the
elevation spread (ES) and azimuth spread (AS), respectively;
θM and ϕM are the mean azimuth of arrival (MAOA) and
mean elevation of arrival (MEOA), respectively. It is worth
mentioning that the definitions of Z1-Z6 in (25) are the same
as the ones in the derivations for uniform distribution in
Section III.A. Similarly, when assuming the parameter σ
is small, the spatial fading correlation of the 3D massive
MIMO antenna arrays under Gaussian distribution can be
approximately written as

Re[ρ(p, q)]

= J0 (Z5 sin θ + Z6 cos θ)

+ 2
∞∑
k=1

{J2k (Z5 sin θ + Z6 cos θ ) cos(2kα) cos(2kβ)

× exp(−2σ 2k2) Re[erf (
π + i2kσ 2
√
2

)]} (26)

Im[ρ(p, q)]

= 2
∞∑
k=0

{J2k+1(Z5 sin θ+Z6 cos θ ) sin((2k + 1)α)

× sin((2k + 1)β) exp(−(2k + 1)2σ 2/2)

×Re[erf (
π + i(2k + 1)σ 2

√
2

)]} (27)

ρ(p, q)

≈ exp(−j(Z5 sin θ + Z6 cos θ ) sinα sinβ)

× sin c((Z5 sin θ + Z6 cos θ ) cosα cosβ1ϕ1θ )

× exp(−[(Z5σ cosα)2 + (Z6σ cosβ)2]/2) (28)

C. CHANNEL CAPACITY ANALYSIS
According to the results in [28], the channel capacity can
comprehensively indicate the reception performances of the
multiple antenna systems. Here we study the effect of approx-
imation algorithms and array spatial orientation characteris-
tics on the capacity of massive MIMO channel based on the
fading spatial signal and power transmission characteristics.
The instantaneous channel capacity of a stochastic MIMO
channel under an average transmitting power constraint can
be presented as:

C = log2

[
det

(
INr +

SNR
Nt

HHH
)]

(29)

where det(·) denotes a determinant,INr is a Nr × Nr unit
matrix and SNR denotes the channel signal-to-noise ratio.
H denotes the Nr × Nt complex fading envelopes whose
entries describe the channel response from the transmitter
antenna to the receiver antenna. The hij entry of the channel
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matrix represents the normalized channel transfer function
evaluated at the frequency of operation between the trans-
mitter antenna j and the receive antenna i. [·]H denotes the
conjugate transpose of a matrix. The channel capacity of
stochastic MIMO channel corresponds to a random variable.
For a MIMO receiving system with Nt transmit antennas
and Nr receive antennas, the well-known iid assumption
that the fades between pairs of transmit-receive antennas is
independent and identical is not practical in many cases.
In the spatial correlation MIMO channel, the channel transfer
matrix H , entries generated by making use of the correlation
information of the transmitting and receiving fading signals
are given by:

H = R1/2r HwR
1/2
t (30)

The ergodic capacity of a MIMO channel is defined as the
statistical mean value of the instantaneous capacity over the
time delay. Hence:

E [C (t)] = E
[
log2

[
det

(
INr +

SNR
Nt

HHH
)]]

(31)

where Rt and Rr are the covariance matrices of the trans-
mitting and receiving antenna arrays of sizes Nt × Nt and
Nr×Nr .Hw denotes aNr×Nt stochastic matrix with complex
Gaussian independent identically distributed (iid) entries, and
these entries describe the channel response from the trans-
mitter antenna to the receiver antenna. We can numerically
evaluate the capacity based on the spatial correlation matrix
for the various antenna arrays by using the above equations
in the proposed 3D channel model.

It can be obtained from the Jans inequality E log x ≤
logEx that

C ≤ B · log2
∣∣I + γij

N
R
∣∣ (32)

where R = E[H · HT ], and the element γij can be expressed
by

γij =

N∑
k=1

[hij · h∗ij] (33)

where ∗ represents the complex conjugate. If we assume

σi =
N∑
j=1
|hij|2 =

N∑
j=1

hij · h∗ij = 1, the normalized correlation

coefficient ρij can be defined as

ρij =
1
√
σiσj
= γij (34)

It can be seen that the array signal fading correlation
channel has a great influence on the massive MIMO channel
capacity. The theoretical calculation and simulation experi-
ments are used to obtain the approximations under certain
conditions. Besides, the applicability of the approximate cal-
culation method as well as the computational efficiency of
massive MIMO arrays are quantitatively analyzed, which is
of great significance for future research and innovation of new
technologies.

IV. RESULTS AND DISCUSSION
Authors in [11]- [14] have studied a series of small-scale
MIMO arrays according to the specific conditions of the
mobile transmitter and receivers, such as UCA and UCCA
models. Various MIMO array models have their characteris-
tics, for example, omni-directional and unambiguous orien-
tation information with the same array aperture from 0 to 2π
are available when using a UCA symmetric array. Moreover,
the use of a UCCA array can relieve the dynamic range and
system noise of the compensation filter.

In this section, we focus on the analysis of the SFC and
capacity approximation algorithm and its complexity of the
array channel under different PAS distributions based on the
proposed 3D massive MIMO model (seen in Fig. 2). The
method can also be applied to analyze other future massive
MIMO arrays by adjusting the channel parameters.

A. SPATIAL FADING CORRELATIONS
The accurate and approximate results of SFCs between array
element 1 and 2 under the PAS uniform and Gaussian distri-
bution are respectively depicted in Fig. 3 and Fig. 4. As the
ring radius R of the array antenna increases, the spatial fad-
ing correlation SFC becomes smaller and gradually tends
to zero. This is because that when the ring radius is larger,
the array spacing or the angular distribution of the arrival
signal becomes wider, and the interaction effect between
the array elements becomes smaller. Furthermore, the SFCs
descend faster and become smaller whit an increase in the
PAS distribution angle spread. Also, Fig. 3 shows that while
the PAS parameters 1ϕ = 1θ ≥ 15◦, the approximate
analysis curve is almost coincident with the accurate curve
when the normalized antenna spacing of the compact MIMO
array R/λ ≤ 0.5. However, as the radius of the array ring
R increases, the approximate result will appear a certain
deviation. When 1ϕ = 1θ ≤ 5◦, the approximate analysis
and the accurate curves are almost coincident for any ring
radius. We can also conclude from Fig. 4 that the overall

FIGURE 3. SFCs of the proposed 3D massive MIMO array model with
uniformly distributed PAS (1 = 1ϕ = 1θ ).
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TABLE 1. Running time of algorithms under different PAS distributions (unit: sec [s]).

TABLE 2. Channel capacity and running time of the massive MIMO arrays under different antenna number and power spectrum distribution (unit: sec [s]).

FIGURE 4. SFCs of the proposed 3D massive MIMO array model with PAS
Gaussian distribution.

trend of the approximate result fits well with the accurate
theoretical results within 15◦.
Furthermore, the simulation results under large angular

spread (1ϕ = 1θ = π/3, σ = π/3) are shown
in Fig. 5. It can be observed that there is a big deviation

FIGURE 5. SFCs of the proposed 3D massive MIMO array model when
1ϕ = 1θ = π/3 and σ = π/3.

when the PAS spreading angle is large and can fit well only if
R/λ ≤ 0.25, which is actually in line with the algorithm
assumptions in Section 3. The fading trend shows good agree-
ment with the simulation results in the Zhou model [14] for
wireless communication scenarios. A conclusion can bemade
from the SFC results that the fading has periodic character-
istics, so that low correlation nodes should be selected to
increase polarization isolation and port isolation. Moreover,
it is necessary to make full use of antenna diversity technol-
ogy to maintain the independence of the signal and reduce the
spatial factor of the MIMO array element in the designing of
massive MIMO channels.

The use of trigonometric functions in array calculation
couldmake the calculationmore complex and takemore CPU
time. Testing by the DELL 3.5GHz work-station, the running
time of the SFC algorithms under different PAS distributions
for the proposed 3D massive MIMO antenna array model is
given in Tab.1. Note that the approximation algorithm can
save a considerable amount of time and have better efficiency
and higher accuracy. In summary, when the PAS parameters
are small, the approximate algorithm proposed in this paper
can be well applied to analyze the proposed compact MIMO
arrays. Moreover, it can greatly save computation time and
improve numerical computation efficiency. The method can
also be applied to the analysis of other future massive MIMO
arrays used by the 5G systems.

B. MASSIVE MIMO CAPACITIES
For the massive MIMO array design analysis, the multi-
dimensional array layout as Fig. 2 is used to obtain high-
density antenna layout and performance. Here the number of
the massive MIMO antenna elements is P = 2× V ×M , for
further analysis, we set the number to P = Q = 48; 192; 432
(i.e., V = 4,W = 6; V = 8,W = 12; V = 12,W = 18),
respectively. Fig. 6(a) and (b) show the channel capacity of
the massive MIMO system with different array elements in
the Gaussian and uniform distributions, respectively. It can
be seen from the figure that as the signal-to-noise ratio and
the number of array elements increase, the channel capacity
increases sharply from the beginning, then grows slowly, and
gradually tends to be stable and exhibits a non-linear growth
relationship.
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FIGURE 6. Inter channel capacity of the proposed 3D massive MIMO array model when
R/λ = 1, ϕ = 0◦, σ = 45◦, θM = 45◦,
ϕM = 30◦, θC = 0, ϕC = 0. (a) PAS uniform distribution; (b) PAS Gaussian distribution.

As the number of MIMO elements increases by 16 times
and 81 times at SNR = 10 dB, the channel capacity under
Gaussian distribution is slightly larger than that under the
uniform distribution, which verifies that the array structure
design has certain potential in improving MIMO perfor-
mance. Tab.2 shows the approximate algorithm for calcu-
lating the channel capacity of massive MIMO array. The
result shows that the approximation algorithm for the channel
capacity can save considerable time and have good fitting and
adaptability with the accurate calculation.

V. CONCLUSION
In this paper, we proposed a new 3D massive MIMO
antenna array model for future 5G wireless communications.
A 3D spherical assumption was used in the proposed model,
instead of the 2D planar assumptions used in the traditional
MIMO channel models. Furthermore, parametric approxima-
tion algorithm for the spatial fading correlations and channel
capacities of the 3D massive MIMO antenna arrays systems
under various angular energy distributions corresponding to
the uniform and Gaussian distribution has been deduced.
Also, simulations of the SFCs approximation algorithm and
its complexity are analyzed. It was concluded that the deploy-
ment of antenna array spacing plays a decisive role in corre-
lations between the angular spread of multi-path signals. The
results show that the simulation values of the approximate
method can fit the theoretical calculation very well and can
save a lot of time for system simulations, thereby validating
the applicability and feasibility of the proposed 3D large-
scale massive MIMOmodel. The method can also be applied
to the analysis of other future massive MIMO arrays. For
future work, we will employ polarized antenna arrays and
antenna lobe pattern analysis in the extensions of the pro-
posed channel model.
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