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Abstract—A novel beam domain channel model (BDCM) for
massive multiple-input multiple-output (MIMO) communication
systems has been proposed in this paper. The near-field effect and
spherical wavefront are firstly assumed in the proposed model,
which is different from the conventional BDCM for MIMO
based on the far-field effect and plane wavefront assumption.
The proposed novel BDCM is the transformation of an existing
geometry-based stochastic model (GBSM) from the antenna
domain into beam domain. The space-time non-stationarity is
also modeled in the novel BDCM. Moreover, the comparison
of computational complexity for both models is studied. Based
on the numerical analysis, comparison of cluster-level statistical
properties between the proposed BDCM and existing GBSM has
shown that there exists little difference in the space, time, and
frequency correlation properties for two models. Also, based
on the simulation, coherence bandwidths of the two models
in different scenarios are almost the same. The computational
complexity of the novel BDCM is much lower than the existing
GBSM. It can be observed that the proposed novel BDCM has
similar statistical properties to the existing GBSM at the cluster-
level. The proposed BDCM has less complexity and is therefore
more convenient for information theory and signal processing
research than the conventional GBSMs.

Index Terms—BDCM, massive MIMO, near-field effect, com-
putational complexity, statistical properties.

I. INTRODUCTION

In wireless communication systems, MIMO technology can

greatly enhance the channel capacity [1] and improve the relia-

bility of communication systems without requiring additional

bandwidth and power [2]. In recent years, massive MIMO

technology has become popular because it can simplify the

required signal processing [3] and provide a huge improvement

in system performance over traditional MIMO technologies

[4].

The wireless channel model is a key metric to analyze

the performance of the whole communication systems [5].

Recently, multiple GBSMs have been proposed and reviewed

in [6]. Among them, a two-dimensional (2D) non-stationary

wideband channel model was proposed in [7], where all scat-

terers were located on multi-confocal ellipses. It considered

the near-field effect and the non-stationarity of massive MIMO

channel. In [8], a three-dimensional (3D) non-stationary wide-

band massive MIMO channel model was proposed, which

utilized a virtual link to represent the complicated scattering

environment. In [9], the authors proposed a general 3D GBSM

for fifth generation (5G) wireless communication systems. It

is capable of simulating massive MIMO, millimeter wave

(mmWave), vehicle-to-vehicle (V2V), and high-speed train

(HST) small-scale fading channels.

However, the complexity of the above-mentioned models

is relatively high. Simplified GBSMs or correlation-based

stochastic models (CBSMs) may be more applicable for infor-

mation theory and signal processing research. CBSMs can be

divided into classical independent and identically distributed

(i.i.d.) Rayleigh fading channel model and correlated channel

model [10]. Correlated channel models include the Kronecker-

based stochastic model (KBSM) [11], Weichselberger model

[12], and virtual channel representation (VCR) [13]. However,

these conventional CBSMs did not take the near-field effect

and non-stationarity into account, and thus are not suitable for

massive MIMO channel modeling.

Recently, the BDCM was first proposed in [14], which

transferred the channel model into the angular domain or

called beam domain with the far-field assumption. The con-

ventional BDCM was applied to the research of information

theory and signal processing, especially in the recent proposed

beam division multiple access (BDMA) [14]. However, the

conventional BDCM also did not consider the massive MIMO

characteristics. A more accurate massive MIMO channel

model which is convenient for information theory and signal

processing research is therefore needed urgently.

In this paper, we propose a novel BDCM for massive

MIMO systems and the major contributions are summarized

as follows:

1) The proposed novel BDCM is distinguished from the

conventional BDCM by considering the near-field effect,

spherical wavefront and space-time non-stationarity for

the first time.

2) The novel BDCM transfers an existing GBSM into the

beam domain and according to the simulation results,

the novel BDCM has the similar statistical properties

with the existing GBSM in the cluster-level.

3) By comparing the computational complexity of both

models, it is found that the novel BDCM has the lower

computational complexity and is more suitable for the

research of signal processing and information theory

than conventional GBSMs.
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The remainder of this paper is organized as follows. An

existing 2D non-stationary wideband GBSM is presented in

Section II. In section III, the proposed novel BDCM is

discussed in details. Section IV shows the statistical property

analysis of both two models. Results and discussions are

presented in Section V. Conclusions are drawn in Section VI.

II. AN EXISTING 2D NON-STATIONARY WIDEBAND

GBSM

In this section, we will briefly introduce an existing non-

stationary wideband GBSM [7]. The channel is modeled as

an MR×MT complex matrix H
G(t, τ) = [hG

kl(t, τ)]MR×MT
,

where k = 1, 2, · · · ,MR and l = 1, 2, · · · ,MT .

H
G(t, τ) =

Ntotal∑

n=1

H
G
n (t)δ(τ − τn). (1)

The elements of the channel matrix H
G(t, τ) are modeled as

[HG(t, τ)]kl = hG
kl(t, τ) =

Ntotal∑

n=1

hG
kl,n(t)δ(τ − τn) (2)

where the channel gain hG
kl,n(t) of Clustern is modeled

as the sum of the line-of-sight (LOS) component and the

non-line-of-sight (NLOS) components.

–if Clustern ∈
{
CT

l

⋂
CR

k

}
,

hG
kl,n(t) = δ(n− 1)

√

K

K + 1
ej(2πf

LOS
kl t+ϕLOS

kl )

︸ ︷︷ ︸

LOS

+

√

Pn

K + 1
lim

S→∞

1√
S

S∑

i=1

ej(2πfn,it+ϕkl,n,i)

︸ ︷︷ ︸

NLOS

(3)

–if Clustern /∈
{
CT

l

⋂
CR

k

}
,

hG
kl,n(t) = 0. (4)

The detailed calculations of parameters fLOS
kl , ϕLOS

kl , fn,i, and

ϕkl,n,i and the space-time non-stationarity of the existing

GBSM can be found in [7], and we will not go into details.

III. A NOVEL MASSIVE MIMO BDCM

The complexity of the existing GBSM is relatively high,

which is not suitable for information theory and signal pro-

cessing research. In view of that, in this section, we propose a

novel BDCM to transfer the channel from the antenna domain

into beam domain. The key parameter definitions of the novel

BDCM are summarized in Table I.

A. The NLOS Condition

Illustration of the NLOS channel for the novel BDCM is

shown in Fig. 1. First, let us sample the AoA of the NLOS

channel uniformly distributed in the interval [−π, π], and

achieve the virtual angles θm as

θm , −π +
2πm

M
, m = 1, · · · ,M (5)
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Fig. 1. Illustration of the NLOS part for the novel BDCM.

where M is the sampling number of the virtual angles. For the

simplicity of the derivation, we assume the sampling number

of the virtual angles M is finite, and one direction with a

virtual angle θm is represented as a beam. The AoD φm is

dependent on the AoA, which is defined as φm = f(θm) [7].

The NLOS parameters are all dependent on the arrival

angles, which are defined as

fm =fmax cos (θm − αv) (6)

ϕkl,m,i =ϕ0 +
2π

λ

[
DT

lm,i +DR
km,i

]
. (7)

Here, the departure Angles and the arrival Angles of the paths

within beam m are approximated as φm,i ≈ φm and θm,i ≈
θm, respectively. Moreover, we have

DT
lm,i =

[

(DT
m,i)

2 +

(
MT − 2l+ 1

2
δT

)2

−DT
m,i(MT − 2l+ 1)δT cos(βT − φm)

]

(8)

DR
km,i =

[

(DR
m,i)

2 +

(
MR − 2k + 1

2
δR

)2

−DR
m,i(MR − 2k + 1)δR cos(θm − βR)

]

(9)

where

DT
m,i =

2am sinφm,i

sinφm,i + sin θm,i
(10)

DR
m,i =

2am sin θm,i

sinφm,i + sin θm,i
. (11)

B. The LOS Condition

Similar but not the same with the existing GBSM, the LOS

parameters of the novel BDCM are defined as

fBL
kl =fmax cos

(

βR − αv

+ arcsin

[
DBL

l

DBL
kl

sin
(
αBL
l − βR

)
])

(12)

ϕBL
kl =ϕ0 +

2π

λ
DBL

kl (13)



TABLE I
KEY PARAMETER DEFINITIONS OF THE NOVEL MASSIVE MIMO BDCM.

Parameter Definition

AntT
l
(AntR

k
) transmit antenna l (receive antenna k)

θm the m-th virtual angle sampling NLOS AoAs

fm the Doppler frequency of cluster m
ϕkl,m,i the phase of cluster m between transmit antenna l and receive antenna k via the path i

DT
lm,i

(DR
km,i

) the distance between transmit antenna l (receive antenna k) and cluster m via the path i

DT
m,i(D

R
m,i) the distance between transmit (receive) antenna center and cluster m via the path i

fBL
kl

the LOS Doppler frequency from transmit antenna l to receive antenna k

ϕBL
kl

the phase of the LOS path from transmit antenna l to receive antenna k

αBL
l

the LOS angle of arrival (AoA) from transmit antenna l to receive antenna center

DBL
kl

the LOS Distance from transmit antenna l to receive antenna k

DBL
l

the LOS Distance from transmit antenna l to receive antenna center

αv the angle of the mobile station (MS) velocity
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Fig. 2. The modeling method of the LOS channel.

where

DBL
l =

[

(2f)2 + (
MT − 2l+ 1

2
δT )

2

− 2f(MT − 2l+ 1)δT cosβT

] 1

2

(14)

αBL
l =arcsin

[
(MT − 2l+ 1)

2DBL
l

sinβT

]

(15)

DBL
kl =

[

(DBL
l )2 +

(
MR − 2k + 1

2
δR

)2

− (MR − 2k + 1)δRD
BL
l cos(αBL

l − βR)

]1/2

.

(16)

The LOS path can be modeled also by utilizing the NLOS

paths with the same or similar arrival angles θm0
, which is

depicted in Fig. 3, where m0 ∈ M = {1, 2, · · · ,M}. In this

case, the AoA is φm0
= f(θm0

) [7], and we have the following

approximation as

DBL
kl ≈ DR

km0,i −DT
lm0,i. (17)

C. The Whole Channel Model

Based on the virtual angles, we introduce the response

vectors as

eT (θm) = [eT (1; θm), · · · , eT (MT ; θm)]
T

(18)

eR(θm) = [eR(1; θm), · · · , eR(MR; θm)]T (19)

where

eT (l; θm) , ej
2π
λ (DT

m,i−DT
lm,i), l = 1, · · · ,MT (20)

eR(k; θm) , ej
2π
λ (DR

km,i−DR
m,i), k = 1, · · · ,MR. (21)

Thus, we have

hB
kl,n(t) =δ(n− 1)

√

K

K + 1
ej[2πf

BL
kl t+ϕ0+

2π
λ (DR

m0,i−DT
m0,i)]

× eR(k; θm0
) · e∗T (l; θm0

) +

√

Pn

(K + 1)M

×
M∑

m=1

ej[2πfmt+ϕ0+
2π
λ (DR

m,i+DT
m,i)]

× eR(k; θm) · e∗T (l; θm) (22)

We define

HB(t) , URH̃B(t)U
H
T = UR

[

H̃BL(t) + H̃BN (t)
]

U
H
T

(23)

where UT , [eT (θ1), · · · , eT (θM )] ∈ C
MT ×M , and UR ,

[eR(θ1), · · · , eR(θM )] ∈ CMR×M . We call H̃B(t) as the

beam domain channel matrix, where H̃BL(t) and H̃BN(t)
means the LOS part and NLOS part, respectively. Due to the

dependence of the AoAs and AoDs, the beam domain matrices

are all diagonal and the elements of H̃BL(t) and H̃BN(t) are

[H̃BL(t)]m0,m0
=δ(n− 1)

√

K

K + 1

× ej[2πf
BL
kl t+ϕ0+

2π
λ (DR

m0,i−DT
m0,i)] (24)

[H̃BN(t)]m,m =

√

Pn

(K + 1)M

× ej[2πfmt+ϕ0+
2π
λ (DR

m,i+DT
m,i)]. (25)

When the sampling number M becomes infinite, the novel

BDCM will turn to be the existing GBSM.

D. Space-time Non-stationarity Modeling

The space-time non-stationarity of the proposed BDCM is

modeled the same with the existing GBSM by using the birth-

death process in the array and time axes [7].



E. Computational Complexity Analysis

The computational complexity is compared in terms of the

number of “real operations (ROs)” [15]. In this section, the

number of ROs needed for the generation of initial channel

coefficients is investigated as the metric for the computational

complexity of the channel model.

1) The Existing GBSMs: The required number of ROs for

generating the existing GBSM can be calculated as

CHG = CHGL + CHGN + 1 (26)

where CHGL and CHGN represent the required numbers of ROs

for LOS and NLOS components of the GBSM, respectively.

The number of ROs for the LOS channel is

CHGL = 174MRMT + 3. (27)

The number of ROs for the NLOS channel is

CHGN = Ntotal[(S − 1)(208MRMT + 19) + 4]. (28)

According to (26), the required number of ROs for generating

the existing GBSM channel coefficients is

CHG =174MRMT + 3 +Ntotal

× [(S − 1)(208MRMT + 19) + 4]. (29)

2) The Novel BDCM: Similar to the existing GBSM, the

required number of ROs for generating the proposed BDCM

can be calculated as

CHB = CHBL + CHBN + 1 (30)

where CHBL and CHBN represent the required numbers of ROs

for LOS and NLOS components of the BDCM, respectively.

The number of ROs for the LOS channel is

CHBL = 3 + [122(MR +MT ) + 181]M. (31)

The number of ROs for the NLOS channel is

CHBN = 3 + [122(MR +MT ) + 77]M. (32)

Therefore, according to (30), the required number of ROs for

generating the novel BDCM channel coefficients is

CHB = 6 + [244(MR +MT ) + 258]M. (33)

IV. STATISTICAL PROPERTY ANALYSIS

Statistical properties of the channel model are very im-

portant for evaluating its performance. In this section, we

will analyze four kinds of statistical functions of above-

mentioned two models in order to compare their cluster-level

performances.

A. Statistical Properties of the Existing GBSM

The statistical properties of the existing GBSM were studied

in [7]. We will give a brief description here.

1) The space cross-correlation function (CCF): In the an-

tenna domain, the normalized space CCF ρGkl,k′l′,n(δT , δR; t)

between the link connecting AntRk and AntTl and the link

connecting AntRk′ and AntTl′ of the n-th cluster at time t is

denoted as [7]

ρGkl,k′l′,n(δT , δR; t) = E

[

hG
kl,n(t)[h

G
k′l′,n(t)]

∗

|hG
kl,n(t)||[hG

k′l′,n(t)]
∗|

]

. (34)

2) The normalized space-time-frequency correlation func-

tion (STFCF): Before the introduction of STFCF, we give the

time-variant channel transfer function

TG
kl (ω, t) =

Ntotal∑

n=1

hG
kl,n(t)e

−j2πωτn (35)

where ω is the frequency. With the uncorrelated scattering

(US) assumption, the normalized STFCF for the n-th cluster

ρGkl,k′l′,n(δT , δR,∆ω,∆t; t) is defined by

ρGkl,k′l′,n(δT , δR,∆ω,∆t; t)

= E

[

[hG
kl,n(t)]

∗hG
k′l′,n(t+∆t)ej2π∆ωτn]

|[hG
kl,n(t)]

∗||hG
k′l′,n(t+∆t)|

]

. (36)

3) The time auto-correlation function (ACF): By setting

l = l′, k = k′ , and ∆ω = 0, the STFCF in (40) reduces to

the time ACF ρGkl,n(∆t; t), which is

ρGkl,n(∆t; t) = ρGkl,k′l′,n(0, 0, 0,∆t; t)

= E

[

[hG
kl,n(t)]

∗hG
kl,n(t+∆t)

|[hG
kl,n(t)]

∗||hG
kl,n(t+∆t)|

]

. (37)

4) The frequency correlation function (FCF): By letting

l = l′, k = k′, and ∆t = 0, the STFCF in (33) reduces to the

FCF ρGkl(∆ω; t), which is

ρGkl(∆ω; t) = ρGkl,k′l′(0, 0,∆ω, 0; t)

= E








Ntotal∑

n=1
|hG

kl,n(t)|2ej2π∆ωτn

|[TG
kl (ω, t)]

∗||TG
k′l′(ω +∆ω, t+∆t)|







.

(38)

B. Statistical Properties of the Proposed Novel BDCM

The novel BDCM is a transformation of the existing GBSM

from the antenna domain into beam domain. In this section, in

order to compare with the existing GBSM, we will discuss the

same kinds of statistical properties for the proposed channel

model.

1) The space CCF: The cluster-level space CCF can be

defined as

ρBkl,k′l′,n(δT , δR; t) = E

[

hB
kl,n(t)[h

B
k′l′,n(t)]

∗

|hB
kl,n(t)||[hB

k′l′,n(t)]
∗|

]

. (39)



2) The normalized STFCF: The time-variant channel trans-

fer function GB
kl(ω, t) can be calculated by

GB
kl(ω, t) =

Ntotal∑

n=1

hB
kl,n(t)e

−j2πωτn . (40)

The normalized STFCF ρBkl,k′l′,n(δT , δR,∆ω,∆t; t) is repre-

sented as

ρBkl,k′l′,n(δT , δR,∆ω,∆t; t)

= E

[

[hB
kl,n(t)]

∗hB
k′l′,n(t+∆t)ej2π∆ωτn]

|[hB
kl,n(t)]

∗||hB
k′l′,n(t+∆t)|

]

. (41)

3) The time ACF: Similar with the above-mentioned

method of GBSM, we can achieve the time ACF of BDCM

ρBkl,n(∆t; t) of the n-th cluster with the time-axis cluster

evolution.

ρBkl,n(∆t; t) = ρkl,k′l′,n(0, 0, 0,∆t; t)

= E

[

[hB
kl,n(t)]

∗hB
kl,n(t+∆t)

|[hB
kl,n(t)]

∗||hB
kl,n(t+∆t)|

]

. (42)

Obviously, the time ACF of BDCM is dependent upon the

time instant t.
4) The FCF: Similar with the above-mentioned method of

GBSM, we can achieve the FCF of BDCM ρBkl(∆ω; t), which

is given by

ρBkl(∆ω; t) = ρBkl,k′l′(0, 0,∆ω, 0; t)

= E








Ntotal∑

n=1
|hB

kl,n(t)|2ej2π∆ωτn

|[GB
kl(ω, t)]

∗||GB
k′l′(ω +∆ω, t+∆t)|







.

(43)

V. RESULTS AND DISCUSSIONS

The absolute space CCFs |ρ11,21,1(0, δR; t)| for the receiver

of both two channel models are shown in Fig. 3. Each model

has its reference model, simulation model, and simulation

result. It can be observed that two reference models are very

close. The simulation model and simulation result of BDCM

are different with its reference model, but the difference is

small. Thus, the transformation of a channel from the antenna

to beam domain does not change the spatial correlation prop-

erty of the channel.

The time correlation properties of both models are illus-

trated in Fig. 4. It is shown that the time ACFs of the

two models are different with the time instant t and the

simulation represents the time non-stationarity of both models.

Furthermore, the absolute value of time ACF for BDCM is

very close to the GBSM. It shows that the time correlation

property of the novel BDCM is almost same as the GBSM

and there is no loss in time correlation property with the

transformation from the antenna to beam domain.

Fig. 5 compares the FCFs of BDCM and the existing

GBSM under different scenarios. It is shown that the FCFs of

two models are exactly the same. Furthermore, the coherence
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bandwidth of BDCM and the reference ellipse model is almost

the same under NLOS condition, which shows that both

models have similar frequency correlation properties.

The complexity comparison of the existing GBSM and the

proposed novel BDCM with different antenna pair numbers

(MR × MT ) is shown in Fig. 6. The complexity increases

linearly with the antenna pair number for the GBSM but

nonlinear for the BDCM. The number of virtual angles utilized

in the BDCM influences the computational complexity and the

smaller the number is, the lower computational complexity

the model have. It can be observed that when the number

of virtual angles is equal to 1, 10 and 20 times of the total
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Fig. 6. Comparison of the computational complexity for both models (MR =
MT ∈ {1, 2, · · · , 10}, S = 20, NT = 20, M ∈ {NT , 10NT , 20NT }).

number of clusters, the computational complexity of the novel

BDCM is much lower than that of GBSM. Thus, The novel

BDCM is simpler than the existing GBSM, which will be more

conducive to the analysis and research of signal processing and

information theory.

VI. CONCLUSIONS

A novel massive MIMO BDCM with the near-field effect

and space-time non-stationarity is proposed. Through the

simulation results, we can find that the novel BDCM has

the same cluster-level performance as the existing GBSM,

and significantly reduces the computational complexity, which

is more suitable for the research of signal processing and

information theory. In the future work, we will further improve

the novel BDCM to make it more general and applicable to

various realistic scenarios, and compare it with some latest

channel models and measurement data to verify the accuracy

of the model, which will be helpful to information theory and

signal processing researchers.
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