IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 4, APRIL 2023

4143

A Novel Beam Domain Channel Model for BSG
Massive MIMO Wireless Communication Systems

Fan Lai
Xiqi Gao

Abstract—In this paper, a novel beam domain channel model
(BDCM) is proposed for beyond fifth generation (B5G) massive
multiple-input multiple-output (MIMO) wireless communication
systems. Different from conventional massive MIMO BDCMs
which assumed the far-field plane wavefront effect, the proposed
BDCM considers more realistic spherical wavefront caused by
near-field effect. We transform a massive MIMO geometry-based
stochastic model (GBSM) from the antenna domain to the beam
domain through specific algorithms to obtain the novel BDCM. The
space-time-frequency correlations of both the GBSM and BDCM
are studied, and the correlations for both models at the cluster level
are similar. We also compare the quasi-stationary distance (QSD),
computational complexity, and channel capacity for both models.
Results show that in comparison to the GBSM, the novel BDCM
has lower complexity and similar accuracy if the number of beams
is sufficiently large. Furthermore, we compare the singular value
spreads (SVSs) of both channel models with channel measurements
under the same conditions. Both the novel BDCM and GBSM are
close to the measurement. Through the above analysis, the novel
BDCM is proved to be more convenient for information theory and
signal processing researches than the conventional GBSMs.

Index Terms—B5G, beam domain channel model, GBSM,
massive MIMO, statistical properties.
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1. INTRODUCTION

OWADAYS, the fifth generation (5G) [1] wireless commu-
N nication network has gradually been deployed worldwide
and beyond 5G (B5G) networks are expected to be developed
over the next decade [2]. Compared with previous generations
of wireless communication networks, BSG will significantly
improve data rate, coverage, security, adaptability, and scala-
bility [3]. Massive multiple-input multiple-output (MIMO) can
greatly reduce the difficulty of signal processing [4], simplify the
process, improve the system performance compared with tradi-
tional MIMO technologies, and has attracted extensive attention
for 5G and B5G researchers [5]. Massive MIMO technology
equips hundreds and thousands of antennas at the base station
(BS) side, at least one order of magnitude more than the active
terminal side, to utilize the asymptotic characteristics of some
particular kinds of wireless channels [6].

So far, many works have been done for massive MIMO wire-
less communication systems, such as performance analysis, pilot
contamination reduction, channel estimation, etc. Channel mod-
els are fundamentals for the research, analysis, and evaluation of
massive MIMO wireless communication systems [7], as well as
akey index to measure system performance [8]. Massive MIMO
channel models are generally divided into deterministic channel
models and stochastic channel models. In deterministic channel
models, such as channel measurements and ray-tracing channel
models, all model parameters are fixed. They are precise for site-
specific scenarios but usually bring high complexity. Stochastic
channel models consist of correlation-based stochastic model
(CBSM) and geometry-based stochastic model (GBSM).

The complexities of GBSMs are much lower than that of
deterministic channel models, and GBSMs are suitable for
system-level simulations and performance analysis of massive
MIMO systems. Multiple massive MIMO GBSMs in recent
years have been reviewed in [9]. In [10], the authors proposed a
two-dimensional (2D) non-stationary wideband ellipse channel
model, where all scatterers are distributed on multiple con-focal
ellipses. The proposed GBSM considered near-field spherical
wavefront effect and spatial non-stationarity, which were ob-
served by massive MIMO channel measurements [11], [12],
[13]. Massive MIMO channel models based on multiple rings
and double rings were proposed in [14] and [15], respectively.
The non-stationarity over the array axis were modeled via the
birth-death process of clusters. Spherical wavefront effect and
parameter drifting on the array axis were modeled through
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geometric relations. In [16], the authors proposed a three-
dimensional (3D) non-stationary wideband massive MIMO
channel model, which innovatively abstracted the complex scat-
tering environment by using a virtual link. An approximation
algorithm for calculating spherical wavefront, namely parabolic
wavefront, was introduced. The algorithm can linearly model
the angular drift of large antenna array and greatly reduce the
computational complexity of the model. In [17], the authors
extended the parabolic wavefront model to 3D space-time do-
main. Another massive MIMO channel model based on the
WINNER model was proposed in [18]. Different from [17], the
non-stationarity over the array axis was modeled by dividing the
BS antenna array into several sub-arrays. In [19] and [20], Gao
et al. proposed a massive MIMO channel model based on the
COST 2100 model [21]. The visible region (VR) was introduced
to model the space non-stationarity. In [22], Xie et al. proposed
a 3D cylindrical massive MIMO channel model, in which a 3D
sphere VR was assigned to each antenna, to model the space
non-stationarity. In addition, a 3D 5G general channel model was
proposed in [23], which was applicable to a wide range of sce-
narios, including massive MIMO, millimeter-wave (mmWave),
vehicle-to-vehicle (V2V), and high-speed train (HST) scenarios.
In [29], the MIMO channel blockage model, path loss model, and
time-varying channel model applicable to mmWave scenarios
were proposed. A more general 3D B5G channel model was
proposed in [24], which can be suitable for massive MIMO,
V2V, HST, and mmWave-Terahertz (THz) communication sce-
narios. In [25], authors proposed a temporally non-stationary
unmanned aerial vehicle (UAV)-to-ground channel model by
introducing an aeronautic random mobility model (RMM) into
a GBSM. Time-varying model parameters including delays and
angles of multi-path components (MPCs) were derived in this
model. A novel space-time-frequency non-stationary GBSM for
ultra-massive MIMO THz channels considering long traveling
paths is first proposed in [26]. Authors in [27] proposed a novel
3D non-stationary wideband massive MIMO channel model
capturing the space-time ray-level evolution. In [28], a 6 G
pervasive channel model (6 GPCM) was proposed using a unified
channel modeling method, with a GBSM framework considering
all spectra from sub-6 GHz to visible light communication
(VLC) bands, global-coverage scenarios, and full-application
scenarios in the 6 G wireless communication systems.
However, the complexities of GBSMs mentioned above are
still high, which are only suitable for system-level simulations
and model validation, but not for information theory and signal
processing research. At this point, simplified GBSMs or CB-
SMs will be promising. CBSMs can be divided into classical
independent and identically distributed (i.i.d.) Rayleigh fading
channel models and correlated channel models [9]. Correlated
channel models can be divided into separate correlated channel
models, i.e., Kronecker-based stochastic models (KBSMs) [30],
and jointly correlated channel models including the Weichsel-
berger model [31] and the virtual channel representation (VCR)
model [32]. In [33] and [34], KBSMs were adopted which
considered the correlation between antennas but the transmitter
(Tx) and receiver (Rx) correlations were assumed to be inde-
pendent of each other. KBSMs are easy to be implemented

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 4, APRIL 2023

but the channel characteristics are somehow oversimplified.
In [35], the authors adopted the Weichselberger model jointly
considering the antenna correlations at both ends. This model is
more realistic than KBSMs and has widely been used to analyze
the performance of massive MIMO systems. The VCR model
used discrete Fourier transform (DFT) matrices to model MIMO
channels. Authors in [36] pointed out that with the increase of
the number of antennas, the angular division of VCR model will
become denser, the angular resolution will be improved, and the
model accuracy will also be improved accordingly. The VCR
model was studied from the perspective of channel capacity
in [37]. However, the disadvantage of the VCR model is that it is
only applicable to uniform linear arrays (ULAs) [32]. Recently,
Dahiya [38] and Joung et al. [39] proposed several massive
MIMO channel models based on CBSMs.

The above traditional CBSMs did not consider the spherical
wavefront caused by the near-field effect and the spatial non-
stationarity. They are not suitable for massive MIMO channel
modeling research. Recently, in [40], the authors first proposed
a beam domain channel model (BDCM) for massive MIMO
scenarios by transforming the channel from the antenna domain
to the beam domain via two unitary matrices, but still considered
the far-field effect. This model has been widely used in various
signal processing researches, especially beam division multiple
access (BDMA) [40], [41], [42], [43]. However, like traditional
CBSMs, they did not take the new features of massive MIMO
channels into account. Therefore, a realistic channel model
considering the near-field effect and spatial non-stationarity and
with low complexity suitable for information theory and signal
processing researches of massive MIMO systems is urgently
needed.

The limitations of the VCR model in [32] is that it is not suit-
able for modeling channels with non-ULAs or massive MIMO
antenna arrays. To solve this problem, anovel BDCM that can be
considered as an extension to the VCR model in [32] is proposed
in this paper. Different modeling methods of virtual angles are
utilized and new characteristics of massive MIMO channels are
introduced. We summarize the novelties and main contributions
of this paper as follows:

1) A novel BDCM for B5G massive MIMO communication

systems is proposed for the first time by transferring
a conventional GBSM from the antenna domain to the
beam domain and considers the near-field effect and non-
stationarities of massive MIMO channels.

2) Statistical properties of both the GBSM and proposed
BDCM, such as the space-time-frequency correlation
function (STFCF) with its deductions and quasi-stationary
distance (QSD) are studied and compared.

3) The impacts of the GBSM and BDCM on the system
performance, e.g., channel capacities and singular value
spread (SVSs), are also studied and compared.

4) Besides the above accuracy aspects, i.e., statistical and
system properties, we have for the first time investigated
and compared the computational complexities of both the
GBSM and BDCM.

The remainder of this paper is organized as follows. Section II

gives a brief introduction to an conventional non-stationary
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Fig. 1. Illustration of the conventional non-stationary wideband GBSM [10].
wideband GBSM. We propose a novel BDCM and it will be
discussed in Section III. In Section IV, the analysis of statis-
tical properties for both models is presented. Computational
complexity and channel capacity analysis of both models are
conducted in Section V. Section VI shows the results and dis-
cussions. In Section VII, we draw the conclusions.

II. A CONVENTIONAL NON-STATIONARY WIDEBAND GBSM

Let us begin with an conventional non-stationary wideband
GBSM [10], as shown in Fig. 1. The numbers of Tx and Rx
antennas are M7 and Mp. The antenna elements are spaced
with separation é1 and d. They are located at the focal points
of the confocal ellipses with a distance of 2 f. Let Ant] represent
the I-th antenna of the transmit array and Ant!? represent the k-th
antenna of the receive array. The n-th cluster is on the n-th ellipse
with major axis 2a,,. The angle S7(8r) denotes the tilt angle
of the transmit (receive) antenna array. The angle «, denotes
the angle between the x-axis and the direction of movement
of the receiver. The maximum Doppler frequency and carrier
wavelength are denoted as fi.x and A, respectively. The total
number of clusters which are observable to at least one Tx and
Rx antenna, is denoted as Nioa-

Mg Mp

N = card (U U (qT N C,f(t))) (1)
1=1k=1

The number of elements in the set is called the cardinality of
the set, represented as card(-). C{ (C) denotes the cluster set in
which clusters are observable to Ant{ (Antl?). The n-th cluster
is called Cluster,,. If and only if Cluster,, € {C}' () C}, wecan
say Cluster,, (n < Ny ) is observed by both AntlT and Anth.
The channel is modeled as an Mg x M matrix Hg (¢, 7) =

[hii(t, T)] ap < mp With complex-valued elements

Nlotal
hg(t,7) Z W (00 (T = 7n) (2)
where k =1,2,...,Mgr and [ =1,2,..., M. The line-of-

sight (LOS) component and non-line-of-sight (NLOS) com-
ponents consist hkl »(t). The delay of Cluster,, is denoted as
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Tn. The mean power of the n-th cluster is assumed as P,.
The key parameter definitions of the conventional GBSM are

summarized in Table I. Then, the channel was modeled as
—if Cluster,, € {CI N CE},

thlm(t) =d(n—1) KL_HGJ(ML?}Hw
LOS
i \FZ ICrlnatten) )
NLOS
—if Cluster,, ¢ {CI N CEY,
higyn(t) = 0. 4)

where K is the Rician factor. Parameters fo- and @& de-
note the carrier frequency and phase for the LOS component
between AlT and AkR, respectively. Similarly, f,, ; and @14
represent the carrier frequency and phase for the NLOS com-
ponent between A7 and Af via the i-th ray within Cluster,,
(i=1,2,...,5), respectively. The detailed calculations of pa-
rameters sz , @‘,SIL, fn,i»and @, ; can be found in [10], and we
will not go into details. The conventional GBSM modeled the
space non-stationarity by using birth-death process on the array
axis [10]. The clusters appeared and disappeared randomly over
the antenna array. The model also incorporates the birth-death
process on the time axis [45]. The geometry is changed over
time. In addition, cluster sets of antennas also evolve over time
and are modeled as a birth-death process.

III. A NovEL BDCM

Due to the high complexity of the conventional GBSM, we
propose anovel BDCM in this section, which is more suitable for
the research on information theory and signal processing. The
proposed model transfer the channel from the antenna domain to
the beam domain. Table IT summarizes key parameter definitions
of the novel BDCM.

According to [32], the finite dimensions of the signal space
can be linearly decomposed into virtual channel representations
in different virtual directions, which is very similar to the
beamspace and wavenumber domain in array signal processing.
This means that instead of dividing the channel or signal space by
different antenna pairs, which has always been used in GBSMs
or physical models, a new idea can be adopted, which is to
divide the channel or signal space by beams. BDCM is such
kind of channel model, which divides the channel according
to the direction of transmitting and receiving angles, and then
models and superimposes each sub-channel.

As for the beam division method, literature [32] provides the
method of dividing the beam according to the angle cosine value.
However, due to the non-monotone of the cosine function on
(—, ], the VCR model can only distinguish the beam of 180°.
However, the actual electromagnetic wave emission exists in all
directions, so this classification method has certain limitations.
The method adopted in this paper is to divide the angles on
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TABLE I
KEY PARAMETER DEFINITIONS OF THE EXISTING GBSM

Parameter Definition
AntlT(Anth) Tx antenna ! (Rx antenna k)
Tn The delay of the cluster n
or(0R) The Tx (Rx) antenna spacing
O‘Z i aﬁ"‘ Z) AoD (AoA) of the cluster n via path ¢ to the Tx (Rx) array center
fn,i The Doppler frequency of cluster n via the path ¢
Pkl n,i The phase of cluster n between Tx antenna [ and Rx antenna k via the path ¢
Dlj’;b,i(DI?’rL,i) The distance between Tx antenna [ (Rx antenna k) and cluster n via the path ¢
DZ: i(Df i The distance between Tx (Rx) antenna center and cluster n via the path ¢
foE The LOS Doppler frequency from Tx antenna [ to Rx antenna k for GBSM
kalL The phase of the LOS path from Tx antenna ! to Rx antenna k for GBSM
all The LOS AoA from Tx antenna [ to Rx antenna center for GBSM
DﬁL The LOS distance from Tx antenna [ to Rx antenna k& for GBSM
DZGL The LOS distance from Tx antenna [ to Rx antenna center for GBSM
Qg The angle of the MS velocity
TABLE 11
KEY PARAMETER DEFINITIONS OF THE NOVEL MASSIVE MIMO BDCM
Parameter Definition
Om The virtual angle of the cluster m to the Rx array center
fm The Doppler frequency of cluster m
am The semi-major axis of the cluster m
Pkl,m,i The phase of cluster m between Tx antenna [ and Rx antenna k via the path ¢
qu;n i(D,Ijm ;) | The distance between Tx antenna | (Rx antenna k) and cluster m via the path 4
D};L’ I.(Df'fm The distance between Tx (Rx) antenna center and cluster m via the path %
flgL The LOS Doppler frequency from Tx antenna [ to Rx antenna k for BDCM
gakBlL The phase of the LOS path from Tx antenna ! to Rx antenna k& for BDCM
aF L The LOS AoA from Tx antenna [ to Rx antenna center for BDCM
DflL The LOS distance from Tx antenna ! to Rx antenna k for BDCM
DlB L The LOS distance from Tx antenna ! to Rx antenna center for BDCM

(—, 7] directly, instead of using cosine values. This avoids the
problem of beam resolution. The specific division method is as
follows:

Ao0As of the physical channel are sampled uniformly over the
interval (—m, 7], and we achieve the virtual angles, 6,,, denoted
as

2mm

O = —+ U m=1,...,.M 5)
where m denotes the sampling index of the virtual angle, and
M is the total sampling number. We assume M is finite, and
one steering vector with a virtual angle represents a beam. The
relationship between AoDs, ¢, and AoAs, 6, is the same
as the above-mentioned GBSM, and let ¢,, = k(6,,), where
k(+) denote the function transforming AoAs to AoDs described
in [10].

A. The NLOS Condition

Illustration of the NLOS channel for the novel BDCM is
shown in Fig. 2. The NLOS parameters are all dependent on
the arrival angles, which are defined as

fm = fmax COoS (Gm - av) (6)

2
Pklm,i = Yo + Tﬂ— [D?;n,z + Dl?m,z}

rical waw;:fEmL\

Antf
AT X

B

Fig. 2. Illustration of NLOS beam domain channel.

2
=%00+77T Dy, i+ Df,— (D}, - Df,,)

m,i m,i m,i lm,i

+ (Dff,s = DR ) @)

where

20, Sin Py ;
Df = s ®)
’ Sin @y i + sin(m — Oy )

26, Sin(m — O,y 1)
DE = : . 9
T Sin ¢y i+ SIn(T — Oy ) ©)
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Here, the departure angles and the arrival angles of the paths
within beam m are denoted as 6,,, ; and ¢,, ;, which approx-
imated as ¢, ; = ¢, and 6, ; =~ 0,,, respectively. Moreover,
we have

Mp —21+1
Dlmz = [(Dg 1) (7125T>

1/2
— D}, (Mg — 21+ 1)é7 cos(Br — qﬁm)] (10)

Mp—2k+1_\>
- [(D:;,»%(R 2 Ln)

S
E
|

1/2
— Df (Mg — 2k + 1)0R cos(6rm BR)]
(11)

B. The LOS Condition
The LOS parameters of the novel BDCM are defined as

LOS
BL — fiax COS (BR —a, Farcsin {Di,;los «sin (alBL _BR)D
(12)
BL 27 BL
Pri = ¥0 + TDM (13)
where
Mp —21+1
DPE = |17+ (2+5T>
1/2
—2f(Mp — 2l + 1)é7 cos 54 (14)
BL _ My =20+1) |
o " = arcsin [2DBL sin Bp (15)
Mgr —2k+1
ot~ [foroy+ (M2,

1/2
— (Mg — 2k 4 1) DP* cos(af* ﬁg)} .
(16)

The LOS path can be also modeled by utilizing the NLOS paths
with the same or similar arrival angles 6,,,,, which is depicted in
Fig. 3. In this case, the AoD i8 ¢, = £(0., ), and we have the
approximation as

DiF ~Df, =Dl moe M={1,2,...,M}
=Dy = Do + Dk — Doy i)
+ (Dingi = Dipmg,i)- (17)
Based on the virtual angles, we model the steering vectors as
er(Om) = [er(1;6m),...,en(l;0,), ... ,eT(MT;em)]ZS)

4147

Fig. 3. Illustration of LOS beam domain channel.
er(0m) = ler(1:0m),...,er(k;0m), ..., er(Mg;0m)]"
(19)
where
er(li0m) = 5 (PriPhus)  1=1,... My  (20)
en(k;On) = & 7 (Pl D) |k =1,... Mg (1)

Thus, we have the theoretical model for the novel BDCM as

_ K iprigtrect (DR ~DE, )]
hklm( ) = K+ 16
X er(k;Omy) - (15 0m,) + hm __fm
R » VYmy T mo (K+ I)M
ol (08, +07,.)]
X Z ej 27Tf7nt+800+277r Dm,i+Dm,i
m=1
X er(k;O0m) - er(l;0m). (22)
We define
HB<t) £ URﬁB(t)U¥ = UR [ﬁBL(t) +ﬁBN(t)] U¥
(23)
where Uz = [er(0)),...,er(0y)] € CM*Mand Up =

ler(61), ..., er(0ar)] € CMr*M We call Hp(t) as the beam
domain channel matrix, where Hp,(t) and Hp n (t) means the
LOS part and NLOS part, respectively.

~ K
HpL(t)]mo,m, = d(n — 1) K1l
% ej[Zﬂszt+¢o+2"(D§07 DT )] (24)
- P,
H t)mm = T o ANar
% 6-7[27T<fmt+9"0+2/%(Dﬁ,i+Dg,i)}_ (25)

When the number of beams is larger than the number of antennas,
the channel can be accurately converted from the antenna domain
to the beam domain. The larger the number of beams, the more
accurate the channel model. When the number of beams tends
to infinity, the accuracy of the proposed BDCM will tend to be
the same as that of the conventional ellipse model. For practice,
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we only need to set the number of beams reasonably large to
ensure the accuracy of the BDCM.

C. Relationship Between the Far-Field and Near-Field
Assumptions

Traditional channel models is no longer valid. Thus, the spher-
ical wave effect needs to be considered. Relationships between
two assumptions will be discussed in this section. In massive
MIMO channel models, the near-field effect is mainly reflected
in the geometric relationships. Here, we investigate the distance
values D} from Ant] to Cluster,, and Df  from Antf to
Cluster,,. Under the near-field assumption, the values of them
are represented as

2

DT
lm 2

1/2
— (Mp — 21+ 1)67DZ cos(Br — d)m)] (26)

1/2
— (Mg — 2k + 1)6gDE cos(6,, — ﬂR)] . Q2N

If we ignore the large size of antennas and consider that the
distance between antennas is much smaller than the distance
between the transceiver and clusters, we will get the far-field
assumption and degenerate to the plane wavefront model. The
distance values are calculated as

Mr —20+1
D = Dy (TzaT) cos(Br — ) (28)
Mp — 2k +1

o 5R> cos(0, — Br).  (29)

Note that under the far-field assumption with plane wave-
front, the distance difference is linear with the antenna index
difference. Thus, the corresponding steering vector is orthogo-
nal. However, for the near-field case with spherical wavefront,
the distance difference is non-linear with the antenna index
difference and the corresponding steering vector becomes non-
orthogonal.

According to Taylor series expansion formula, let a = DT,
x = (Mp —2l+ 1)d7/2,vr = Br — ¢y, and then we plug this
into (26) as

Dl = (2* + a* — 2az cos ’yT)l/z 2 g(x). (30)
The derivative of g(x) is
J(z) = (Jc2+a2—Zaa:cosvT)_%(x—acosvT). (31)

We have the first-order Taylor series expansion of Dgn when x
equals 0 as

DI = g(z) ~ a— xcosyr

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 4, APRIL 2023

Mp —20+1
:Dg;_<T+

2 5T> cos(Br — dm).  (32)

Similarly, D during the first-order Taylor series expansion
can be derived as

R o DR
kaND -

m

Mg — 2k +1
2

According to the above derivation, we find the plane wavefront
assumption is the first-order Taylor series expansion of the
spherical wavefront and also a kind of approximation.

Furthermore, we do the the second-order Taylor series expan-
sion of the spherical wavefront components, the second-order
derivative of g(x) is

5R) cos(0 — Br).  (33)

¢"(x) = (2% 4 a* — 2azx cosyp) /2
32,
(34)

Similar to the first-order, the second-order Taylor series expan-
sions at xg = 0 are

— (z — acosyr)*(2* + a* — 2ax cosyr)

,8in’ 7
2a

5T) COS(BT - ¢m)

DI = g(x)~a—xcosyr +x

Mp —20+1
-pr (= = -

Mp—2l+1_ |
————Orsi’(Br — ém) (35)
Mp — 2k + 1
Di = Dy — (R2+5R) cos(0m — Br)
Mp — 2k + 1
+ %’HaR sin? (6 — fr) (36)

which are the parabolic wavefront assumption [17]. It is obvious
that the parabolic wavefront assumption is another kind of
approximation, which is more accurate than the plane wavefront.

IV. STATISTICAL PROPERTY ANALYSIS

In this section, the derivation of space-time-frequency correla-
tion function (STFCF), space cross-correlation function (CCF),
time auto-correlation function (ACF), and frequency correlation
function (FCF) of GBSM and BDCM are given.

The STFCF calculates the correlation for channel gain be-
tween different antenna pairs. The space CCF, time ACF, and
FCF (also known as frequency ACF) are the deductions of
STFCF. They denote the space, time, and frequency correla-
tions, respectively. Among them, the space CCF reflects the
relevant characteristics of the channel in the space domain. Since
massive MIMO antenna arrays are different from traditional
smaller antenna arrays, the correlations between antennas are
very important characteristics to be investigated directly. The
time ACF reflects the correlation characteristics of the channel
in the time domain. Considering the mobility of the transceiver
and scatterer, both GBSM and BDCM need to consider the
non-stationarity of the channel in the time domain. Such non-
stationarity can be observed by the change trend of the time
ACF at different moments. The FCF reflects the correlation of
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the channel in the frequency domain. By calculating the FCF,
we can observe whether the correlation characteristics of both
models are consistent in the frequency domain. In addition, we
can obtain important channel parameters such as the correlation
frequency.

A. Statistical Properties of the Conventional GBSM

Here, the statistical properties of the conventional GBSM will
be briefly illustrated because authors of [10] have already studied
them.

1) The Space CCF: In the antenna domain, the normalized
space CCF pf 1, (07, Or; t) was defined as

Riyn(t )]

kK'l/n

(37)

i ()[R
pgl,k’l,/n((sTﬁR;t) - K Kl ‘ ‘

’hkln )

where [-]* denotes the conjugating operation.
2) The Normalized STFCF: The normalized STFCF was
defined by

p%,k’l,’n(éTv 6R7 Af, At7 t)
[RS8 R (t+ At)eP2TA™

- . (38)
’[hfm (f,t) th (f + Af,t+ At)

3) The Time ACF: Let the antenna indexes be the same, [ =
Ik =k ,and A f = 0, the time ACF of the n-th cluster with the
cluster evolution over the time axis, kal’n (At;t) can be derived
as

kal,n(At; t) = kal,k’l,’n (07 0,0, At; t)

[ (D) R (t + AL)
‘ [h’kGl,n (t)]* kl,n (t + At)

4) The FCF: Also, let the antenna indexes be the same,
l=1'k=F, and At =0, the STFCF reduces to the FCF

P (Af;t)
PR (A fit) = pgy (0,0, AF, 05 1)

=E

(39)

g | s (O] i (e AT ]
G OFTEG, (f + Af.t+ A |
2 .
. ZNwml thl n( )’ e I2mAfTh
[IKG(f 0| |KS) (f + Af,t+ At)|

(40)

5) The QSD: The non-stationarity and near-field effect have
been observed as new properties for massive MIMO channels
through channel measurements. The angular power spectrum
(APS) varies significantly along the large array which was found
in [49].

According to the above-mentioned channel model, the BS
side is employed with M7 antenna elements and the number of
MS side is M R, respectively. For the BS, we select My — L + 1
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groups over the Tx antenna array, and each group has L consec-
utive antennas. The group length L should be large enough for a
clear vision of the spatial structure and to distinguish all AoDs
for each antenna group. Thus, the correlation matrix for the BS
side can be represented by

Ry(i) = E{H(@#)"H(i)"}, L Mp—L+1 (41)

t=1

where ¢ is the group index and equals to the index of its first
antenna in the entire array. Here, H(4) is the M x L complex-
valued channel matrix of the i-th antenna group which is time
invariant. The correlation matrix distance (CMD) [50] between
RT( ) and RT( )

tr {Rr(1)Rr(5)}
IRz (D) [IR7()llg

The QSD at the BS side is the maximum distance over which
the CMDs remain below a certain threshold, denoted by

ngs (i) = fimin + L) 07

where 7 is the antenna element spacing. The minimum bound
Lmin Of the QSD is defined by

deore(i,7) =1 — cl0,1. (42

(,Ufmax - (43)

Hmin = argimax dcorr (Z j) Cth (44)
1<j<i—1
and the maximum bound fi;,,x Of the QSD is defined by
Hmax = arg min dcorr (7' j) Cth (45)
i+1<jSMr—L+1

where ¢y, denotes the CMD threshold. Within the QSD, the
spatial structure is almost the same, i.e., the same set of clusters
is seen by different antenna elements.

B. Statistical Properties of BDCM

The statistical properties of the proposed novel BDCM will
attract more concentration, and we will discuss them in this
section below.

1) Correlation Matrix: The correlation matrix of the novel
BDCM can be expressed as

Ru, = E{Hp(t)HE (1)}
= E{UzHp() U UsHE (1)UL} (46)

Based on the previous expression of Up and U, we have
M

UfUr = > el (

m=1

Om) er (0r)

Yer (I;0m)= Ms M1 (47)

B

m=1 =1

where I is the unitary matrix. Similarly, we have UrU% =
1/(MgrM) 1. Thus, the correlation matrix can be derived as

Ry, = My/Mp E{Hp(t)HJ (t)} = My/Mp R _. (48)

Therefore, the channel correlation matrix in the antenna domain
is transformed into the beam domain. In this way, we can study
the channel correlation from the beam domain and find some
new characteristics.
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2) The Space CCF: Similarly, the space CCF
P/i,k/z,/ana‘sR?t) of the novel BDCM can be calculated
as

h/?l n (t) [hgl,’n (t)}*
‘hkl n )’ ‘[hgl,’n(t)]*

3) The Normalized STFCF: Like the GBSM, we express the
time-varying transfer function TS (f,t) as

Pby ki (07, 0p;t) = E (49)

Niotal

thln

The STFCF after the normalization pkl’k,l, (01, 0Rr, Af, At; f,1)
can be calculated as

piy v (07, 6, Af, AL; f,1)

(T3 (4, )]*Tzfu(f +Aft+ Al

_j2TrfTIL .

T5(f.1) (50)

(TR OV TR (f + Af,t+ A
1
\ITH (f, 01| | T8 (f + Af,t + At)]|
Nlolal Nloh] .
X Z Z hk-l m hk/l/ (t + At)ejzw[f77nr(f+Af)7'n]‘| .
m=1 n=1

(51

With the US assumption similar to the conventional GBSM, the
STFCF in (51) reduces to

Pﬁ,k'l/w% Or, Af, At;t)

S m( *hE, ., (t + At)e I2m A ™
LB (F. 01| TR (f + Af,t + At

3 [ P O (0 A
= LmEGOrTE S + AL+ AD)
Niowr
= b (01, 0r, Af, At; 1) (52)
n=1
where {nn} denotes the weight and we have

S 0P 1. (0,0,0,0;5¢) = 1. The normalized STFCF for
the novel BDCM is defined by

pkBl,k"l,’n (6T7 6R; Af, At, t)
g (BB, (O BB, (E + At)ei2mA 7 .
’[hfz,m(t)]* Bt + At

4) The Time ACF: Let
pkBlm(At; t) can be derived as

p=p'q=¢q, and Af =0,

Pt (AL 1) = piy 1 (0,0,0, At;t)

[Pt ()] P (F + A2)

=E
11,1 |1, (¢ + A1)

(54)
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5) The FCF: We set the antenna index to be the same, p =
p, q = ¢',and At = 0. The STFCF of BDCM in (53) will reduce
to the FCF pZ (A f; 1)

Pt (Afit) = pi (0,0, Af, 05 ¢)

_g |2t [hﬁ WO Ry, (e 28I |
|[T,§ f.t) HT,f,’l,f+Af,t+At)|
2 .
. ZNmm hchl n( ) e*jz'ﬂ'Aan
\[TEf O] | TR (f + Af, t+ At)|

(55)

6) The QSD: The QSD analysis of the novel BDCM is sim-
ilar with the GBSM, and we will not introduce here due to the
limited space of the paper.

7) The Mean Square Error (MSE): As mentioned above,
the sampling number of the arrival angles, also called as the
beam number, is finite. The novel BDCM will be close to the
GBSM when the number of beams become infinite. However, it
is impossible to achieve infinite beam sampling in reality. The
trade-off between the channel accuracy and beam number needs
to be considered. The measured indicators can take advantage
of the MSE between the statistical characteristics of the models.

Taking spatial correlation as an example, the formulas for
calculating space CCFs of the two models have been given
above. Let pg and p& represent the space CCFs of both models
with the same antenna pairs and cluster at the same time instant.

[ hS (OIS, ]

s g | a0 i <>] 56
‘hkm ‘ ‘ hk’l’

[ WB L (ORE. O] ]
=g | a0, 0 -

’hkl n )‘ ‘[hk’l,’n(tﬂ* i

In this case, MSE ¢ of the spatial correlation is
=E [|[p§ — pS|I*] - (58)

V. SYSTEM PROPERTY ANALYSIS
A. Computational Complexity

Computational complexity is another important index of the
channel model besides accuracy. In this paper, we use “real
operations (ROs)” [47] to measure the computational complexity
of the channel model. We have defined the amount of ROs for
four basic real number operations, real multiplication, division,
addition, and table lookup, as 1. Furthermore, other complex
computations are combinations of these basic operations [48].
Table III defines the amount of ROs corresponding to several
common mathematical operations.

1) The Conventional GBSMs: The computational complex-
ity of the conventional GBSM is measured by the ROs of the
channel impulse response (CIR) generation and the amount of
ROs is calculated as

Che = Cyer + Chgen + 1 (59)
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TABLE III
REQUIRED NUMBER OF ROS FOR TYPICAL MATHEMATICAL OPERATIONS

Operation Required number of ROs
Exponential (e®) 15
Uniform distributed random variable (RV) 5
Gaussian distributed RV 72
Complex multiplication 6

—

Complex division
Complex addition
Complex norm
sin(x)
cos(x)
tan(x)
arcsin(x)
arccos(z)
arctan(z)
Table lookup
log(x)

Real square root

—| = =] \O| 00| | \O| Co| | |

where C'yer and Cgen~ represent the amount of ROs for LOS
and NLOS components of the GBSM, respectively. The amount
of ROs for the LOS channel is

Cyer = 174Mgr My + 3. (60)
The amount of ROs for the NLOS channel is
Chen = le[(S — l)(208MRMT + 19) + 4]. (61)

According to (59), the amount of ROs for generating the con-
ventional GBSM channel coefficients is

Cygc = 174MgrMp + 3
+ Nl [(S — 1) (208 Mr My + 19) +4].  (62)

2) The Novel BDCM: Similar to the conventional GBSM,
the amount of ROs for generating the proposed BDCM can be
calculated as

Cys = Cysr + Cygsn + 1 (63)

where Cyysr and Cys~ represent the amount of ROs for LOS
and NLOS components of the BDCM, respectively. The amount
of ROs for the LOS channel is

Cysr =3+ [122(Mgr + M7) + 181] M. (64)
The amount of ROs for the NLOS channel is
Cysn =3+ [122(Mpg + Mp) + 77)M. (65)

Therefore, according to (63), the amount of ROs for generating
the novel BDCM channel coefficients is

Crs = 6+ [244(Mp, + My) + 258] M. (66)

Let us take some typical parameter values as an example. When
setting parameters as My = 128, M = 32, Nyg = 20,5 =
20, M = 200, we can calculate the computational complexities

of both two models as
Cre ~ 3.24 x 108 (67)
Cys ~ 7.86 x 10°. (68)

It can be seen that the computational complexity of novel BDCM
is much lower than that of GBSM. Thus, the proposed BDCM
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can provide a simple model for further information theory and
signal processing related researches.

B. Capacity Analysis

Generally, there are three levels to measure channel models,
namely cluster level, link level and system level. Several sta-
tistical properties of channel models, such as space CCFs, time
ACFs, and FCFs, are in the cluster level.

As one of the key indicators of communication system, chan-
nel capacity reflects link-level (single user), or even system-level
(multi-user) performance for the channel models. For the val-
idation of channel models, not only cluster-level analysis and
validation are needed, but also from the perspective of the whole
system, to measure the quality of a channel model, and channel
capacity is a very good indicator. The average channel capacity
with uniform Tx power allocation can be calculated as [51]

NR - _
C=E {log2 det (I + SHHH> }
M

where det(-) denotes the determinant operation, I is the Mp X
M identity matrix, SNR denotes the signal-to-noise ratio and
H is the normalized channel matrix and can be obtained as

(69)

H—H.

(70)

C. SVS

The channel matrix can be expressed as singular value de-
composition (SVD)

H=UXV (71

where U is an M x Mg unitary matrix, V is an Mp x My
unitary matrix, and 3 is an M r X Mp matrix. Furthermore, the
SVS k can be calculated as

maxo;
K=—— (72)
mino;
where o; (i = 1,2, ..., 1)1is the singular value of H and 7 is the

smaller one of My and M.

VI. RESULTS AND DISCUSSIONS

The corresponding simulation model of the conventional
GBSM is obtained by reducing (3) as

K oot
Bitn() = 8(n = 1)\/; e Crfiithei

P, 1<
+ n__- ej(27r.fn,it+§0kl,n,i). 73
23 7

Similarly, the corresponding simulation model of the novel
BDCM is obtained by reducing (22) as

KLH@J'P"’%WT”<Dﬁo,rD£O,i>1

X 6R(I€; Omo) . eT(l; Omo)

hit,m () =
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(b) MSE of simulation models (Mpr = 32, Mp =32,t =15, a; = 100 m,
f=80m,D%=30m, D =50m, g =Br =7/2, 2 =0.12m, fnux =
33.33Hz, ay =7/6,k =5, df = 7/3, NLOS). (a) Absolute Rx space CCF.
(b) MSE of space CCF simulation models.
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Fig. 4(a) compares the absolute values of space CCFs of two
channel models. The reference model, simulation model and
simulation result of each channel model are given in the figure.
MSE of space CCF simulation models for both models are shown
in Fig. 4(b). It can be observed that there is little difference
between the reference models of both models, but only a small
difference in the simulation models and the results. Therefore,
we conclude that the gap between the novel BDCM and the
conventional GBSM in space correlation is not large. In other
words, the transformation of the channel model from the antenna
domain to the beam domain does not greatly change the space
correlation performance of the channel.

The correlation characteristics of two channel models in the
time domain are compared in Fig. 5(a). The MSE of the time
ACF simulation model of the two models is shown in Fig. 5(b),
which changes with the time instant. As can be seen from the
two figures, the novel BDCM also has the non-stationarity in

(74)
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Fig. 5. (a) Absolute time ACF of Cluster; |p11,1 (At;t)| for both models in
comparison among t = 0, 2, 4 s and (b) MSE of simulation models (Mr =
32, Mp =32,a; =100 m, f =80 m, D¢ = 15m, D =50 m, Sr =
Br =m/2,A =0.15m, 6 = 67 = 0.5%, fmax = 33.33 Hz, v, = 0.5 m/s,
NLOS, A =80 /m, Ar = 4 /m, Pr = 0.3, kK = 5). (a) Absolute time ACF.
(b) MSE of time ACF simuation models.

the time domain, and there is little gap of the time correlation
between both models. In other words, the transformation of the
channel model from the antenna domain to the beam domain
does not bring great performance loss to the time correlation
performance of the channel.

The frequency correlation characteristics of the two models
under different Rician K -factors are shown in Fig. 6. It can be
observed that the frequency correlation characteristics of the two
models are consistent at different frequency intervals and have
similar frequency correlation performances. In addition, with
the decrease of the Rician K -factor, the coherent frequency of
the channel also decreases.

Fig. 7 shows an example plot of the estimated QSDs of both
models for different Tx antenna group lengths. As we discussed
above, the group length L should be large enough to observe the
spatial structure and distinguish all the AoDs for each antenna
group. It is observed that at the Tx antenna side, the QSDs
of BDCM varies more dramatically than GBSM. The dramatic
fluctuation is because the transformation of the channel model
from the antenna domain to the beam domain, which makes
the spatial non-stationarity of the model change dramatically.

Authorized licensed use limited to: Southeast University. Downloaded on January 22,2024 at 01:34:13 UTC from |IEEE Xplore. Restrictions apply.



LAI et al.: NOVEL BEAM DOMAIN CHANNEL MODEL FOR B5G MASSIVE MIMO WIRELESS COMMUNICATION SYSTEMS

19
0.9
08
= 07
g
=06
=
o
g 05
59
o 04
2 —e— GBSM (K=3 dB)
Z 03} : — % —BDCM (K=3 dB)
< —4— GBSM (K=-5 dB)
0.2 — % —-BDCM (K=-5 dB)
o1k —%—GBSM (K=-10 dB)
: — % —BDCM (K=-10 dB)
O 1 1 1 1 ]
0 5 10 15 20 25

Frequency difference, A f (MHz)

Fig. 6. Absolute FCF |p;1(Af;t)| comparison for both simulation models
with different Rician factors K (Mpr = 32, M = 32,a; =100 m, f = 80 m,

D% =15m, D3

50m,ﬂR = 6T = 71'/2,)»:0.15111,6}3 = §T:0.5)L,fmﬂx

=3333Hz, v, =05m/s, \¢ =80/m, Agr =4 /m,n. =0.3, k =3).

4153
10° :
—e—GBSM (N =20)
— % —=BDCM (M=20)
8l —-B-=BDCM (M=200)
10 g+ BDCM (M=400)
I A - SRR [ EREU A v
2 1078 g - A M I — a ,
o vV e BT
35 .
v _.4&8
= S0 - §
] e
ERL ; oW mmm o wo— =X
-
z I L
*
/
105jf 1
1]
104J I I I I | |
0 2000 4000 6000 8000 10000 12000 14000

Antenna Pairs (MR X MT)

Fig. 8. Comparison of the computational complexity for both models (Mg =
My € {1,10,...,120}, N = 20, M € {20,200, 400}).

—6—GBSM

- & -BDCM (M=512)

~-B-- BDCM (M=256)
BDCM (M=128)

40+

Capacity Value, C (bps/Hz)

SNR, p (dB)

Fig. 9.

Comparison of capacities between the simulation models of the

10
E
S o5 AP B - A - 4
-8
O A
03
2
g 9
R
[a]
>
T 8.5 mfw
.o
% —e—L=10
= 8 - % -1=20
o u —-A--1=30
© e L=40
75 ‘ ‘ ‘ ‘ ‘ |
0 20 40 60 80 100 120
Index of Antenna Group, i
(@)
— LA A0 244 i n 40 SEes §-Lo—en—0—0
E
s
o —x— =
& :
2 i ( 1
o I 1
é’ 2t A A A | !
L
> R | I
g ! 1 1
5 ! i
-:(—_E, 61 il ] o SN —i Z'V'oab_ |
1) —e— =10 A-S);_v;‘v-'t v
Pl _ _ 1
§ 5 ; L=20 M_"A“\@\i“
e L=30
e =40
4 ‘ ‘ ‘ ‘ ‘ |
0 20 40 60 80 100 120
Index of Antenna Group, i
(W)
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novel BDCM for different Tx antenna group lengths (Mpr = Mr = 128,t = 1
s,a; =100m, f =80m, D =30m, D =50m, g = Br =7/2, 1 =
0.12 m, finax = 33.33 Hz, @, = /6, k = 5, &} = /3, NLOS). (a) QSD of
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GBSM and BDCM (Niw = 30, M € {128,256,512}, Mp = 128, My =
128,t =1s,a; = 100m, f = 80m, Br = By = 7/2,2 = 0.12m, fnax =
33.33Hz, oty = 7/6,NLOS).

Since GBSM is modeled according to geometric relations, a
scatterer distribution in a channel environment is assumed before
modeling, and numbers of scatterers are randomly generated ac-
cording to the distribution, as well as corresponding parameters
such as power, delay and angle. In BDCM, virtual angles are
introduced, that is, the space is divided into different angular
(beam) sub-spaces, called beamspaces, with or without scatter-
ers, and scatterers are generated randomly in these beamspaces.
This means that the spatial non-stationarity of BDCM is more
complex than that of GBSM. It needs to consider not only the
non-stationarity between antennas, but also the non-stationarity
between beams (that is, the scatterers observed by different
beams are not exactly the same). Therefore, we can conclude
that the domain transformation of the channel model will also
affect the spatial non-stationarity.

In Fig. 8, we compare the computational complexity of two
channel models with different numbers of antennas. Obviously,
the computational complexity of the channel model increases
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with the increasing number of antennas. The smaller the sam-
pling number of BDCM virtual angle, the lower the computa-
tional complexity is.

When simulating the channel capacities of the proposed
BDCM, we selected several empirical values for beam numbers,
which are multiplicatives of the antenna number, such as 128,
256, and 512. From simulation results shown in Fig. 9, it is found
that the increase of the beam number will lead to the improve-
ment of the accuracy for the BDCM. When the beam number
reaches 512, the channel capacity of the proposed BDCM is very
close to that of the GBSM.

The CDFs of SVSs of the BDCM, GBSM, and measurement
are shown in Fig. 10. We observe that the SVSs of both models
are close to those of the measurement [52], which demonstrates
the accuracy of both channel models.

VII. CONCLUSION

A novel massive MIMO BDCM for B5G wireless communi-
cation systems considering the near-field effect and space-time
non-stationarity has been proposed. For the first time, a GBSM
has been transformed from the antenna domain to the beam
domain, and a novel BDCM has been obtained. The space-
time-frequency correlations, QSDs, computational complexi-
ties, channel capacities, and SVSs of both the GBSM and BDCM
have been studied. Through the numerical and simulation results
under the same conditions, we can conclude that the proposed
novel BDCM has comparable performance as the GBSM but can
significantly reduce the computational complexity. Also, both
the novel BDCM and GBSM are close to the measurement. Thus,
the proposed BDCM is more efficient for further information
theory and signal processing related researches.
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