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Abstract—A general three-dimensional (3D) non-stationary
massive multiple-input multiple-output (MIMO) geometry-based
stochastic model (GBSM) for the sixth generation (6G) communi-
cation systems is proposed in the paper. The novelty of the model
is that the model is designed to cover a variety of channel charac-
teristics, including space-time-frequency (STF) non-stationarity,
spherical wavefront, spatial consistency, channel hardening, etc.
Firstly, the introduction of the twin-cluster channel model is
given in detail. Secondly, the key statistical properties such as
space-time-frequency correlation function (STFCF), space cross-
correlation function (CCF), temporal autocorrelation function
(ACF), frequency correlation function (FCF), and performance
indicators, e.g., singular value spread (SVS), and channel ca-
pacity are derived. Finally, the simulation results are given and
consistent with some measurements in relevant literatures, which
validate that the proposed channel model has a certain value as
a reference to model massive MIMO channel characteristics.

Index Terms—Massive MIMO, STF non-stationarity, GBSM,
channel hardening, channel capacity

I. INTRODUCTION

Compared with the fifth generation (5G) communication
systems, the 6G communication systems have attracted more
and more attention because of almost a thousand times trans-
mission rate and capacity [1], [2]. Massive MIMO technology
is an efficient way to increase capacity and spectral efficiency
for 6G communication systems, which refers to that the base
station (BS) is equipped with a large number of antennas up
to one hundred or even thousands of antennas. Besides, with
more and more antennas exploited at BS side, the channel
among different users become approximatively orthogonal,
which is called channel hardening phenomenon (or favorable
propagation conditions) [3], [4]. Therefore, the interference
among the users can be removed, which makes the 6G
communication systems inherently robust.

There are mainly three new characteristics for massive
MIMO channel: spherical wavefront, spatial non-stationarity,
and channel hardening phenomenon. Spherical wavefront
refers to that the distance between the transmitter (Tx) and
receiver (Rx) or cluster is less than the Rayleigh distance
212 /A, where L represents the antenna array size, A denotes
the wavelength. Channel measurements showed that the angle
of departure (AoD) along the antenna array gradually shifts
[5] and line-of-sight (LOS) path azimuth angle shifts along the

array [6], which demonstrated the spherical wavefront. Birth-
death process along the array brings spatial non-stationarity.
The clusters appear and disappear along the array randomly,
which was verified by the fact that received power of LOS path
varies along the array [6]. In [7], theoretical analysis showed
that the correlation matrix at user side becomes a diagonal
matrix under favorable propagation conditions and channel
hardening phenomenon is obvious. The above characteristics
bring new requirements for massive MIMO channel modeling.

A general massive MIMO channel model for 6G communi-
cation systems should be at least suitable for millimeter wave
communications, vehicle-to-vehicle (V2V) communications,
3D communication environments, and high-speed train (HST)
communications. In [8], a two-dimensional (2D) parabolic
wavefront model was proposed, and a 3D parabolic wavefront
model was further developed [9]. However, the model only
considered the movements of the Rx and clusters, so it was not
applicable to V2V scenario. Similarly, a twin-cluster channel
model in [10] did not consider the movement of the Tx. A
general 3D non-stationary 5G channel model and a general 3D
non-stationary channel model for 5G and beyond were given
in [11] and [12], respectively. The two models only considered
the cluster evolution in space domain and time domain,
which was not suitable for millimeter wave communication
systems needing to consider cluster evolution in frequency
domain. References [13] and [14] demonstrated a multi-ring
channel model and a multi-confocal ellipse channel model,
respectively. Both of them were 2D channel models without
considering elevation characteristic. Reference [15] proposed
a 3D ellipsoid model, which did not consider the movement of
the Tx and cluster. Reference [16] proposed a millimeter wave
massive MIMO channel for HST communications without
considering spatial consistency and V2V communications. The
above mentioned channel models do not consider all the
requirements for 6G massive MIMO channel modeling.

To the best of our knowledge, the general 3D massive
MIMO GBSM considering STF cluster evolution, spherical
wavefront, spatial consistency, and channel hardening for 6G
communication systems is still missing in the literature. This
paper presents a general 3D massive MIMO GBSM based on
the model in [12] so as to fill the above research gaps. The



contributions of the paper are summarized as follows. Firstly,
the proposed channel model is suitable for millimeter wave
communications, V2V communications, 3D communication
environments, and HST communications by adjusting channel
parameters. Secondly, the cluster evolution is further extended
from space and time domain in [12] to STF domain. Thirdly,
the large scale parameters (LSPs) and small scale parameters
(SSPs) are generated according to the positions of Tx and
Rx using the sum-of-sinusoids (SoS) method, which makes
the model inherently spatially consistent. Finally, the STF
non-stationarity, spatial consistency, and channel hardening
characteristics are verified by simulation results.

The remaining paper is structured as follows. Section II de-
scribes the proposed general massive MIMO GBSM in detail.
In Section III, statistical properties and performance indicators
of the presented model are derived. Simulation results and
analysis are given in Section IV. Finally, conclusions are drawn
in Section V.

II. A GENERAL MASSIVE MIMO GBSM

As illustrated in Fig. 1, large uniform rectangular arrays
(URAs) are adopted at the BS and mobile station (MS)
sides in this model. Suppose that the BS is Tx and the MS
is Rx. The URA at BS (MS) side is formed by uniform
linear arrays (ULAS) in two dimensions. There are My (Mp)
antenna elements symboled as AZ; p=1,2,---,Mp)( AqR
(g = 1,2,--- ,Mpg)) and spaced at a distance dp (Og) in
one dimension. In another dimension, there are Np (Ng)
antenna elements symboled as AL (u = 1,2,---, Np) (AP
(v=1,2,---,Ng)) spaced at a distance d7 (d0g). In the My
(ME) antenna elements dimension, the angle of elevation is Bg
(B%) and the angle of azimuth is 8% (3%). In order to calculate
conveniently, we consider the Mp (Mp) antenna elements
as a ULA. All the ULAs in the Ny (Ng) antenna elements
dimension can be added to form the whole URA. Multi-bounce
propagation is simplified as twin-cluster propagation. The path
between the first bounce cluster C/ and the last bounce cluster
C?Z is abstracted by a virtual link. The total number of paths
from AT to A at time ¢ is Ngp(t). The number of scatterers
in the nth path is M, (¢). The Tx, Rx, and clusters can
move with arbitrary velocities and trajectories. Furthermore,
all the parameters are time-variant. For clarity, the remaining
definitions of the parameters are shown in Table I.

A. Channel Impulse Response (CIR)

The complete channel matrix is comprised of large scale
fading (LSF) part and small scale fading (SSF) part. The LSF
consists of path loss (PL), shadowing (SH), blockage loss
(BL), and gas absorption loss (AL). The theoretical channel
matrix is presented as

—[PL-SH-BL- AL]'*H, (1)
where H; is the SSF matrix and can be further represented as

H; = [hgp(t, T)]MRNRxMTNT @)

where hg,(t,7) can be acquired by the summation of LOS
component and non-line-of-sight (NLOS) components.
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where Krp(t) is Rician factor, hl, (¢,7) is LOS component
and hé\lf,(t,r) NLOS components LOS component can be
represented as
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where (-)7 denotes the transpose operation. F (((1))‘/ () and
FrU (+) represent the vertical polarization and horizontal

p(a),H
polarizgftion at Tx (Rx) side, respectively. k,,, denotes the

cross polarization ratio.

Fig. 1. A general 3D massive MIMO GBSM for 6G communication systems.



TABLE I
DEFINITION OF KEY CHANNEL MODEL PARAMETERS.

Parameters Definition

fe Carrier frequency

D Distance from AT to AF at initial time

dﬂnm Distance from AT<R) to the mth scatterer in C’A(Z) at initial time
dz((q?,)mn (t) Distance from A (( )> to the mth sactterer in C;, AZ) ot time ¢
dgp,mn, (t) Distance from Ag through the mth scatterer in C;} and the mith scatterer in CZ to Af} at time ¢
Tap,mn (t) Delay from AZ; through the mith scatterer in C/2 and the mth scatterer in CZ to Ag at time ¢
T (1), vE(t), vAn (t), vZn (t) Speeds of the Tx, Rx, cluster C/, and cluster CZ at time ¢

a£<t> af (1), af4" (1).07" (1)

Azimuth angles of movements of the Tx, Rx, cluster C;?, and cluster C,? at time ¢

aL(t), ok (1), ag (1).a%" (t)

Elevation angles of movements of the Tx, Rx, cluster C}, and cluster CZ at time ¢

¢A LOS> ¢E LOS

Azimuth angle of departure (AAoD) and elevation angle of departure (EAoD) from AlT to Af

at initial time

R R
$a.L0s> PE.LOS

Azimuth angle of arrival (AAoA) and elevation angle of arrival (EAoA) from A{% to A?

at initial time

ST TR

Amy’ TEmy

AAoD (AAoA) and EAoD (EA0A) from A} ) to the mth scatterer in Cy > at initial time

Pqp,mn (t)

Power of the ray from AZ; through the mth scatterer in C/4 and the mth scatterer in CZ to Af at time ¢

B. Channel Transfer Function (CTF)

Take the Fourier transform of the CIR, we will get the CTF
as

K
Hopt ) =) | e 2 0, )
1
+ Kar(D) +1 qp( 1) (6)

where HZ (t, f) is LOS component and
components.

HN(t, f) NLOS

C. STF Cluster Evolution

The proposed channel has the characteristic of STF non-
stationarity. Clusters may appear and disappear in STF do-
main. The space-time evolution is modeled jointly. For initial
moment t; and antenna element AT (Al), the cluster is
represented as C (;) (CE(t;)). At the next moment ¢; + At,
the cluster evolves into C Ty (ti+ At) (CR (8 + At)). The
space-time evolution process can be modeled as

Cr(t )—>C+1(t + A1) (p=1,2,--- My —1) (7

Cl(t )->Cq+1(t7;+At) (¢q=1,2,--- , Mg —1). (8

By defining A and Ap as the generation rate and recom-
bination rate of the cluster, the survival probabilities of the
clusters at Tx and Rx sides can be represented as

PT 2O 6,) = o AR ()24 () 42T T eos(a ] —6T)] 2
)

PR (At,5,) = e rle® ) +2edleosaf-pD]?
(10)

T _ 6(’09[3E (5

where e/ = = (p—1)op, (2 =2 "OSﬁE , 64

(¢g—1)dR), and 62 = ”TAt (el = ”Rm)represent the distance

differences caused by array evolution and time evolution,

respectively. D and D? are scenario-dependent coefficients
in space domain and time domain, respectively. Combined
with frequency evolution, the total survival probability is
represented as

survwal(At 5p75quf ) survwal(At 0, ) survwal(At 5(1)
survival(Af )
(11)
where Pyyrival(Af) can be further represented as [16]
g Fen
P@urvival(Af) =e€ ol (12)

where F'(Af) and D} are determined by channel measure-
ments. Furthermore, the number of the clusters which are
newly generated by STF evolution can be represented as

A
E [Nnew] = ﬁ(l - Psurvival(Aty 51)’ 5q7 Af)) (13)
III. STATISTICAL PROPERTIES AND PERFORMANCE

INDICATOR
In this section, statistical properties and performance indi-
cators of the proposed 3D massive MIMO GBSM are derived.
A. The STFCF

According to (6), we can get Hg,(t,f) and
Hy, (t + At f + Af), then the STFCF can be
defined as (16) at the bottom of the page, where FE[]

defines  expectation operation and (-)* defines the
conjugation operation. quqp (t, f; Ot, Af,6r,0r) and
RY (b, f3 A, Af,07,6R) represent the STFCF of LOS

component and NLOS components, respectively.

B. The Space CCF

In terms of (3), we can get hgp(t) and h}, , (t) easily. The
space CCF can be denoted as

Krr(t)
KRF(t) +1

t;07,0R).

Pap.q'p' (807, 0R) = E [hqp(t)h:}p' (t)} =

(15)
L . N
Pyp.g'v’ (t, or, (SR) + 7KRF(15) 1 . pqp,q’P'(



C. The Temporal ACF
According to (3), we can get hg,(t) and hy,(t + At). The
temporal ACF can be denoted as

Tapyap(t; ) = E [hgp(t)hs (t+ At)] =

Krr(t) Krp(t+Ot)
’ HYAN
\/KRF(t)+1 Krp(t+ At) + [Tapap(t AU+ (16)
1 1 N -
\/KRF(t) +1 Kgp(t+At) + 1rqp,qp(t’ At).

D. The FCF

In terms of (6), we can get Hyy(t, f) and Hy,(t, f + Af).
The FCF can be denoted as

Kapap(t, [; Af) = E [qu(t7 f)H;p(t7 [+ Af)] =

KRF(t) L : N .
mlﬁqnqiﬂ(ta f7 Af) + mﬁqp,qp(t’ f, Af)
a7

E. The SVS

The channel matrix can be represented as singular value
decomposition

H=UXV (18)

where U and V are used to represent unitary matrixes, > is
used to represent K x M diagonal matrix. K and M denote
the number of users and Tx antenna elements, respectively.
Furthermore, the SVS can be calculated as

m]?X O
Rsvs = — (19)
min oy
k
where oy, (k=1, 2, ---, K) are the singular values, and kg is

SVS.
F. Channel Capacity

Channel capacity is the maximum rate in channel where
the bit error rate tends to zero. There are My and Mg
antennas at Tx and Rx sides, respectively, and the Tx does
not know the channel state information. If we choose signal
covariance matrix as identity matrix I»s,, which means the
signals are independent and equi-powered at the transmit
antennas, channel capacity can be represented as [17]

C = log, |det(In, + ~—HH)

My (20)

where det [] defines the determinant, (-)¥ defines the conju-
gate transpose operation, I, defines the identity matrix of
size Mg, and p defines the signal-to-noise ratio (SNR).

IV. RESULTS AND ANALYSIS

The statistical properties and performance indicators of the
model are simulated and analyzed in this section. LSPs with
spatial consistency are generated through the SoS method. As
shown in Fig. 2, it is the LSP of delay spread in an area of 300
m x 300 m and its parameters are set to 300 sine waves with
the ACF modeled as a compound function of Gaussian and
exponential decay. It can be seen obviously that the continuous
spatial variation of delay spread factor is realized.

A. The Temporal ACF

Fig. 3 illustrates the temporal ACF. Fig. 3 (a) represents the
ACF changing with different velocities at Rx side. When the
velocity at Rx side becomes larger, the coherence time will
become shorter. The coherence time refers to the time differ-
ence when the ACF equals to a given threshold, which can
be determined by system requirements. Fig. 3 (b) represents
the ACF changing with different carrier frequencies. When
the carrier frequency becomes larger, the coherence time will
become shorter. The reasons for above phenomenon is that the
larger velocity and carrier frequency lead to larger Doppler
shift. Larger Doppler shift makes the channel more fluctuant
and uncorrelated.

B. The Space CCF

Fig. 4 illustrates the space CCF. The measurement was
conducted in a campus environment at 2.6 GHz carrier fre-
quency with 128 antenna elements ULA at BS side [18]. The
simulation result is consistent with the measurement, which
validated the presented model.

C. The FCF

The FCF is shown in Fig. 5. The channel with different clus-
ter azimuth spread values 3, 5, and 7 has different coherence
bandwidths 680 MHz, 475 MHz, and 260 MHz, respectively.
What should be noted that is the coherence bandwidth refers
to the frequency separation when the FCF equals to 0.5. The
above phenomenon indicates that the larger cluster azimuth
spreads will reduce the correlation of the channel.

D. STF Cluster Evolution

Cluster evolutions in STF domain are shown in Fig. 6 (a),
Fig. 6 (b), and Fig. 6 (c). Different antennas at the same
time instant and frequency, or the same antenna at different
time instants and frequencies will see different clusters, which
indicates the channel is non-stationary in STF domain.

Ryp.gp (b [ N, ANf 07, 0p) = E [qu(tf)H;,p,(t + At f+ Af)] = \/

Krr(t)  Kgr(t+At)
Krr(t) +1 Kre(t+ At) + 1

(14)

1

1 RN

) Rt?p,q’p/ (t, f; A, ANf,0r,0R) + \/

Krr(t)+1 Krp(t+ At)+1

qp,q'p’ (t, f; Ot Af,0r,0R)
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Fig. 2. Delay spread with spatial consistency in a 2D area.

E. The SVS

Fig. 7 illustrates the cumulative distribution functions
(CDFs) of SVSs of simulation results and measurement in
[19]. The channel measurement was performed in indoor
scenario at 1.4725 GHz with a virtual 128-element ULA. The
simulation results agree with the measurement data. When M
gradually increases to 128, the SVS gradually decreases to
below 1 dB. The above phenomenon manifests that the channel
becomes more and more stable, and the channel vectors among
users become approximately orthogonal.

FE. Channel Capacity

The uplink sum-rates in the measured channels and the
presented model are compared in Fig. 8 [20]. The simulation
results are consistent with the measurement data. With the
number of antennas increasing at BS side, the uplink sum-
rates also increase within a certain SNR range.

V. CONCLUSIONS

The paper has proposed a general 3D massive MIMO
GBSM for 6G communication systems. The presented model
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can support arbitrary velocities and trajectories at both Tx side
and Rx side, which are equipped with URAs. Meanwhile, it
has studied cluster evolution in STF domain to support STF
non-stationary communication scenario. In addition, the spatial
consistency of LSPs generation has been proved by using the
method of parameter generation with spatial consistency. The
simulations about temporal ACF, space CCF, FCF, SVS, and
channel capacity are conducted. Analytical, simulation results,
and measurements have also been compared to verify the
validity of the channel model. The novel GBSM proposed in
this paper will play a significant part in the development of
6G communication systems.
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