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Abstract

In this paper, a novel beam domain channel model (BDCM) for sixth generation (6G) ultra-massive

multiple-input multiple-output (MIMO) wireless communication systems is proposed by transforming

from an existing geometry-based stochastic model (GBSM). Both the GBSM and BDCM consider the

special channel characteristics of ultra-massive MIMO, including spherical wavefront and spatial non-

stationarity properties. Steering vectors of the spherical wavefront are derived by higher-order Taylor

expansion. By sampling the angle and distance rings, steering matrices of the spherical wavefront can

be transformed to unitary matrices. This helps to achieve a perfect transformation from the GBSM to

the BDCM in the near-field condition. Meanwhile, it opens up a view of beam domain for channel

characteristic analysis to reduce the model complexity. Common statistical properties of the GBSM

and BDCM in the near-field and simplified far-field conditions are studied, including spatial cross-

correlation functions (SCCFs), temporal autocorrelation functions (TACFs), frequency correlation func-

tions (FCFs), etc. Specific statistical properties, such as the root mean square (RMS) angular spread of
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the GBSM and RMS beam spread of the BDCM, are studied. Channel capacities of the GBSM and

BDCM are investigated and compared with measurement data. It turns out that simulated capacities

considering near-field conditions show good agreements with measured capacities. On the other hand,

simulated capacities considering far field conditions show a large discrepancy with measured capacities.

This indicates that near-field effects need to be included in the channel modeling and performance

evaluation of 6G ultra-massive MIMO communication systems.

Index Terms

Ultra-massive MIMO, near-field, channel characteristics, GBSM, BDCM.

I. INTRODUCTION

The vision of the sixth generation (6G) communication network was proposed in [1], [2],

including global coverage, all spectra, full applications, and strong security. As one of the full

application scenarios, ultra-massive multiple-input multiple-output (MIMO) technology attracts

more and more attention [3]–[8]. Accurate ultra-massive MIMO channel characteristics and

channel models are needed for future communication system design and performance evaluation,

which requires further study.

Typical channel characteristics of massive MIMO are verified by channel measurements,

including spherical wavefront, spatial non-stationarity, channel hardening, and sparsity in the

beam domain. In [9], [10], channel measurements were conducted at 2.6 GHz with a 50 MHz

bandwidth. The base station (BS) was equipped with a 128-element virtual uniform linear array

(ULA) acting as the receiver (Rx) and a single antenna user equipment (UE) was used as the

transmitter (Tx). Variations of the Rician factor and channel gain along the array verified the

spatial non-stationarity. In addition, the line-of-sight (LoS) path of the angular power spectral

density (PSD) drifting over the array verified the spherical wavefront property. Channel mea-

surements were conducted at 1.4725 GHz with a bandwidth of 91 MHz in outdoor stadium

scenarios in [11], [12]. The BS was equipped with a 128-element virtual ULA. The angle of

departure (AoD) drifting along the ULA verified the spherical wavefront property. In [13], [14],

ultra-massive MIMO channel measurements were conducted at 5.3 GHz with a bandwidth of

160 MHz in an urban scenario. The Rx was equipped with a 128×8 ultra-massive MIMO antenna

array. The Tx was arranged in two configurations, one was a single-user configuration and the

other was a multi-user configuration. For the single-user configuration, the Tx was equipped with
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8 antennas. For the multi-user configuration, the Tx comprised 4 UEs. Each UE was equipped

with 4 antennas. All the above mentioned channel characteristics need to be modeled accurately

for 6G performance evaluation.

In the literature, stochastic channel models for massive MIMO communications can be clas-

sified as geometry-based stochastic models (GBSMs), correlation-based stochastic models (CB-

SMs) [15], [16], and beam domain channel models (BDCMs) [17]. In [18], a twin-cluster GBSM

was proposed, which considered spherical wavefront and spatial non-stationarity. In [19], a three-

dimensional (3D) cluster-based double-spherical GBSM for terahertz (THz) ultra-massive MIMO

systems was proposed. In [20], a 3D space-time-frequency (STF) non-stationary GBSM for

THz ultra-massive MIMO systems was proposed. In [21], a GBSM using the second-order

approximation for modeling the spherical wavefront was proposed. In addition, cluster birth-

death process and smooth variations of the clusters’ average power along the array and time

axes were modeled. In [22], a novel unified GBSM framework for fifth generation (5G) wireless

communication systems was proposed. A novel 3D non-stationary GBSM for 5G and beyond

5G (B5G) systems was presented in [23]. It combined different channel properties into a general

model framework. In addition, the proposed GBSM was able to be applied to multiple frequency

bands and multiple scenarios, which included the ultra-massive MIMO communication scenario.

All the above mentioned GBSMs were focused on studying channel characteristics of the array

domain. Note that the GBSM superimposes all the multipath components (MPCs) in the array

domain. The complexity of the GBSM increases with the number of antennas. The BDCM

can separate MPCs of different angles by different beams. The channel matrix of the BDCM is

more sparse than that of the GBSM. This means that most channel coefficients of the normalized

channel matrix tend to zero. This helps to reduce the complexity in signal processing and assist in

algorithm design [24]–[27]. In [28], the complexities of a GBSM and the corresponding BDCM

were studied and compared. It was shown that the complexity of the BDCM was lower than

that of the GBSM. Therefore, it is of great significance to study BDCMs and the corresponding

channel characteristics.

In [27], a BDCM was proposed on the far-field assumption, which meant that the scatterers

were far away from the BS and the angular spread at the BS side was relatively small. When the

number of antennas at the BS side tended to infinity, the gains of the BDCM became independent

of the sub-carrier index. This revealed the frequency-flat property of channel gains in the beam

domain. In [29], the proposed BDCM, based on the far-field assumption, was used to assist
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the analysis of the power allocation algorithm. In [30], a framework for accurate computational

modeling of a continuous aperture phased (CAP) MIMO system was proposed. It was based on a

finite-dimensional system representation induced by critical sampling of antenna apertures. Thus,

it provided a framework for virtual modeling of continuous aperture systems. In [31], the massive

MIMO channel model of the beam domain in THz systems was used to assist channel tracking.

In [32], the channel model of beam domain was obtained from the Saleh-Valenzuela channel

model. It was used to assist in maximizing the minimal rate of MIMO using non-orthogonal

multiple access (NOMA) in the single-beam and multi-beam cases. In [33], [34], channel models

of the beam domain for millimeter wave (mmWave) massive MIMO systems were proposed for

channel estimation. However, the above mentioned BDCMs were based on far-field assumptions

and spatial non-stationarity effects were not well modeled. In [35], a 28 GHz CAP MIMO

prototype was introduced and the channel measurement result of the delay PSD was studied.

In [36], a novel BDCM was proposed incorporating the effect of array non-stationarity. However,

the model was also based on far-field assumption.

A two-dimensional (2D) BDCM based on wideband elliptic model was proposed in [28]. The

model considered both spherical wavefront and spatial non-stationarity effects. However, it did

not consider the difference of channel characteristics between the near-field and far-field steering

vectors. In [37], a BDCM considering both spherical wavefront and spatial non-stationarity effects

was obtained from the transformation of the GBSM through designed block transformation

matrix. However, the propagation distance difference between different sub-arrays was difficult

to obtain. To the best of the authors’ knowledge, there is no BDCM considering both spherical

wavefront and spatial non-stationarity effects and being obtained from the transformation of

GBSM by available unitary matrices under near-field and simplified far-field conditions. In

addition, studying and comparing the difference of the channel characteristics using steering

matrices under near-field and simplified far-field conditions with measurement data are still

insufficient. To fill this gap, a novel BDCM is proposed. The main contributions and novelties

of this paper are summarized as follows.

1) A novel ultra-massive MIMO BDCM is proposed, which is transformed from the GBSM.

Both of them consider special ultra-massive MIMO channel characteristics, including

spherical wavefront and spatial non-stationarity. Steering vectors of the spherical wavefront

are derived by the method of higher-order Taylor expansion and can be simplified to those

of plane wavefront. The spatial non-stationarity effects are modeled by the cluster birth-
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death process along the antenna array.

2) By sampling the angle and distance rings, steering matrices of the spherical wavefront can

be transformed to unitary matrices. In addition, steering matrices of the plane wavefront

are unitary matrices. This achieves a perfect transformation from the GBSM to the BDCM

in both near-field and far-field conditions.

3) Statistical properties of the GBSM and BDCM for steering matrices of the spherical wave-

front and plane wavefront are studied and compared, including spatial cross-correlation

functions (SCCFs), temporal autocorrelation functions (TACFs), frequency correlation func-

tions (FCFs), root mean square (RMS) angular spread, RMS beam spread, etc. In addition,

channel capacities are investigated. Good agreement between simulation results and mea-

surement results verifies the accuracy of the GBSM and BDCM using steering matrices

of the spherical wavefront for near-field communications.

The rest of this paper is organized as follows. Section II presents the ultra-massive MIMO

GBSM in details. In Section III, the BDCM transformed from the GBSM is shown. In Sec-

tion IV, we derive statistical properties and channel capacities of the ultra-massive MIMO GBSM

and BDCM. In Section V, we present results and analysis. Finally, conclusions are drawn in

Section VI.

II. THE ULTRA-MASSIVE MIMO GBSM

Let us assume that the BS side is the Tx and the UE side is the Rx. There are MT transmit

antennas for the BS and MR receive antennas for the UE. The received signal is the superposition

of MPCs, including the LoS path and non-line-of-sight (NLoS) components. As illustrated in

Fig. 1, the GBSM is based on the twin-cluster model in [13]. ULAs are employed at both the Tx

and Rx sides. The pth transmit and qth receive antennas are denoted as ATp (p = 1, 2, · · · ,MT )

and ARq (q = 1, 2, · · · ,MR), respectively. The distances between adjacent antenna elements are δT

at the Tx side and δR at the Rx side. The azimuth and elevation angles of the Tx antenna array

are written as βTA and βTE , respectively. The azimuth and elevation angles of the Rx antenna

array are written as βRA and βRE , respectively. The twin-cluster model can be simplified to a

single-cluster model when the first bounce cluster CA
n at the Tx side and the last bounce cluster

CZ
n at the Rx side completely overlap [18], [38]. Note that there are N(t) clusters in total and

one cluster contains Mn(t) scatterers. The standard derivations of scatterers’ azimuth angle of

departure (AAoD) distribution, azimuth angle of arrival (AAoA) distribution, elevation angle of
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departure (EAoD) distribution, elevation angle of arrival (EAoA) distribution, and delays from

the Tx or Rx to scatterers in one cluster are expressed as σASD, σASA, σESD, σESA, and σDS ,

respectively [13]. For clarity, some key parameters of the GBSM are shown in Table I, other

key parameters are the same as those in Table III in [13].

A. Channel Matrix

The channel matrix of the GBSM can be expressed as

H(t, f) =

√
KRF (t)

KRF (t) + 1
HL(t, f) +

√
1

KRF (t) + 1
HN(t, f) (1)

where HL(t, f) and HN(t, f) are the LoS path and NLoS components for the channel ma-

trix of the GBSM, respectively. The Rician factor is expressed as KRF (t). Note that H(t, f),

HL(t, f), and HN(t, f) are MR ×MT matrices. Considering radiation patterns of antenna el-

ements with vertical polarization and horizontal polarization, HL(t, f) and HN(t, f) can be

further expressed as [36], [39], [40]

HL(t, f) = aR,L

FVp(φRE,L(t), φRA,L(t)
)

FHp
(
φRE,L(t), φRA,L(t)

)
T ejθ

VpVp
L 0

0 −ejθ
HpHp
L

FVp(φTE,L(t), φTA,L(t)
)

FHp
(
φTE,L(t), φTA,L(t)

)


× ej2π(fc−f)τL11(t)aHT,L (2)
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Fig. 1. A 3D ultra-massive MIMO GBSM.
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TABLE I. DEFINITIONS OF SOME KEY CHANNEL MODEL PARAMETERS.

Parameters Definitions
~dT1,mn

(t) Distance vector between the first antenna AT1 and the mth scatterer in the nth cluster at time t

~dR1,mn
(t) Distance vector between the first antenna AR1 and the mth scatterer in the nth cluster at time t

τ11,mn(t) Delay from the antenna AT1 through the mth scatterer in the nth cluster to the antenna AR1 at time t

P11,mn(t)
Power of the ray from the antenna AT1 through the mth scatterer in the nth cluster to the antenna AR1 at

time t

Pqp,mn(t)
Power of the ray from the antenna ATp through the mth scatterer in the nth cluster to the antenna ARq at

time t

and

HN(t, f)=
√

Pmn(t)�
N(t)∑
n=1

Mn(t)∑
m=1

aR,mn

FVp(φRE,mn(t), φRA,mn(t)
)

FHp
(
φRE,mn(t), φRA,mn(t)

)
T

×

 ejθ
VpVp
mn

√
κ−1
mn(t)ejθ

VpHp
mn√

κ−1
mn(t)ejθ

HpVp
mn ejθ

HpHp
mn

FVp (φTE,mn(t), φTA,mn(t)
)

FHp
(
φTE,mn(t), φTA,mn(t)

)


× ej2π(fc−f)τ11,mn (t)aHT,mn . (3)

Here, Pmn(t) is the MR×MT power matrix composed of the power of ray Pqp,mn(t), Pqp,mn(t)

is the power of the ray from the antenna ATp through the mth scatterer in the nth cluster to the

antenna ARq at time t, � is the Hadamard multiplication based on elements, fc is the carrier

frequency, κmn(t) is the cross-polarization ratio, θVpVpL and θHpHpL are random phases of vertical

polarization and horizontal polarization of the LoS component following a uniform distribution

in [0, 2π), respectively. Random phases of vertical polarization and horizontal polarization of the

NLoS components following a uniform distribution in [0, 2π) are expressed as θVpVpmn and θHpHpmn ,

respectively. Random phases for the cross polarization of the NLoS components following a

uniform distribution in [0, 2π) are expressed as θVpHpmn and θ
HpVp
mn . The transpose and conjugate

transpose operators are expressed as (·)T and (·)H , respectively. The radiation patterns of the

antenna elements with vertical polarization and horizontal polarization of the LoS component

at the Tx side or the Rx side are expressed as FVp
(
φTE,L(t), φTA,L(t)

)
and FHp

(
φTE,L(t), φTA,L(t)

)
or FVp

(
φRE,L(t), φRA,L(t)

)
and FHp

(
φRE,L(t), φRA,L(t)

)
, respectively. The radiation patterns of the

antenna elements with vertical polarization and horizontal polarization of NLoS components at

the Tx side or the Rx side are expressed as FVp
(
φTE,mn(t), φTA,mn(t)

)
and FHp

(
φTE,mn(t), φTA,mn(t)

)
or FVp

(
φRE,mn(t), φRA,mn(t)

)
and FHp

(
φRE,mn(t), φRA,mn(t)

)
, respectively. Steering vectors of the

LoS path and NLoS components at the Tx side are expressed as aT,L(t) and aT,mn(t), respectively.
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Steering vectors of the LoS path and NLoS components at the Rx side are expressed as aR,L(t)

and aR,mn(t), respectively [41], [42]. The power of the ray from the antenna AT1 through the

mth scatterer in the nth cluster to the antenna AR1 at time t is denoted as P11,mn(t). The delay

from the antenna AT1 to the antenna AR1 at time t is τL11(t). The delay from the antenna AT1

through the mth scatterer in the nth cluster to the antenna AR1 at time t is τ11,mn(t), which can

be calculated as

τ11,mn(t) =
d11,mn(t)

c
=
‖ ~dT1,mn(t) ‖

c
+
‖ ~dR1,mn(t) ‖

c
+ τ̃mn . (4)

Here, c represents the speed of light, ‖ · ‖ represents the Euclidean norm operator, d11,mn(t) is

the distance from the antenna AT1 through the mth scatterer in the nth cluster to the antenna AR1
at time t, ~dT1,mn(t) is the distance vector between the antenna AT1 and the mth scatterer of the

first bounce cluster CA
n at time t, ~dR1,mn(t) is the distance vector between the antenna AR1 and

the mth scatterer of the last bounce cluster CZ
n at time t, and τ̃mn is the virtual delay from the

first bounce cluster CA
n at the Tx side to the last bounce cluster CZ

n at the Rx side.

B. Spherical Wavefront

As an important channel characteristic of ultra-massive MIMO, the spherical wavefront needs

to be considered in channel modeling. Thus, steering vectors at the Tx or Rx side are derived

according to different Tx or Rx antennas and angles of departure or arrival. From Fig. 2 (a), we

can see that different antennas have different angles and distances to the same reference source

for the spherical wavefront. However, different antennas have the same angle for the plane

wavefront, which is shown in Fig. 2 (b).

1) LoS: Steering vectors aT,L(φTE,L, φ
T
A,L, d

T
1,L) and aR,L(φRE,L, φ

R
A,L, d

R
1,L) of LoS component

can be expressed as [43], [44]

aT,L(φTE,L, φ
T
A,L, d

T
1,L) =

1√
MT

[
1, ej2π

dT2,L(t)−dT1,L(t)

λ ,· · · ,ej2π
dTp,L(t)−dT1,L(t)

λ ,· · · ,ej2π
dTMT ,L

(t)−dT1,L(t)

λ

]T
(5)

and

aR,L(φRE,L, φ
R
A,L, d

R
1,L) =

1√
MR

[
1, ej2π

dR2,L(t)−dR1,L(t)

λ ,· · · ,ej2π
dRq,L(t)−dR1,L(t)

λ ,· · · ,ej2π
dRMR,L

(t)−dR1,L(t)

λ

]T
.

(6)
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Here, dT1,L(t), dTp,L(t), dR1,L(t), and dRq,L(t) are the distances of LoS path from antenna AT1 to AR1 ,

ATp to AR1 , AR1 to AT1 , and ARq to AT1 at time t, respectively. The EAoD, AAoD, EAoA, and

AAoA of LoS path at initial time are expressed as φTE,L, φTA,L, φRE,L, and φRA,L, respectively. The

distances of LoS path from antenna AT1 to AR1 and AR1 to AT1 at initial time are expressed as

dT1,L and dR1,L, respectively.

2) NLoS: Similarly, steering vectors aT,mn(φTE,mn , φ
T
A,mn

, dT1,mn) and aR,mn(φRE,mn , φ
R
A,mn

,

dR1,mn) of NLoS components for the mth ray of nth path can be expressed as

aT,mn(φTE,mn , φ
T
A,mn , d

T
1,mn) =

1√
MT

[
1, ej2π

dT2,mn
(t)−dT1,mn (t)

λ , · · · , ej2π
dTp,mn

(t)−dT1,mn (t)

λ , · · · , ej2π
dTMT ,mn

(t)−dT1,mn (t)

λ

]T
(7)

and

aR,mn(φRE,mn , φ
R
A,mn , d

R
1,mn) =

1√
MR

[
1, ej2π

dR2,mn
(t)−dR1,mn (t)

λ , · · · , ej2π
dRq,mn (t)−dR1,mn (t)

λ , · · · , ej2π
dRMR,mn

(t)−dR1,mn (t)

λ

]T
. (8)

Here, dT1,mn(t) or dR1,mn(t) and dTp,mn(t) or dRq,mn(t) are the distances of paths from antenna AT1
or AR1 and ATp or ARq to the mth scatterer in the nth cluster at the Tx or Rx side at time t,

respectively. The EAoD and AAoD from antenna AT1 to the mth scatterer in the nth cluster for
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Fig. 2. Illustrations of (a) near-field spherical wavefront and (b) far-field plane wavefront.
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the Tx at initial time are expressed as φTE,mn and φTA,mn , respectively. The EAoA and AAoA

from antenna AR1 to the mth scatterer in the nth cluster at the Rx at initial time are expressed as

φRE,mn and φRA,mn , respectively. The distances from antenna AT1 and AR1 to the mth scatterer in the

nth cluster for the Tx and Rx side at initial time are expressed as dT1,mn and dR1,mn , respectively.

The phases are associated with distance differences when dT1,L(t), dR1,L(t), dT1,mn(t), and dR1,mn(t)

are used as references according to (5)–(8).

For LoS and NLoS components, calculation methods of steering vectors are consistent. Thus,

we take steering vectors of NLoS components as an example. To further derive aT,mn(φTE,mn , φ
T
A,mn

,

dT1,mn) and aR,mn(φRE,mn , φ
R
A,mn

, dR1,mn), we firstly calculate vectors ~dTp,mn(t) and ~dRq,mn(t) as

~dTp,mn(t)= ~dT1,mn +

∫ t

0

~vAn(t)dt−
∫ t

0

~vT (t)dt−~lTp (9)

and

~dRq,mn(t) = ~dR1,mn +

∫ t

0

~vZn(t)dt−
∫ t

0

~vR(t)dt−~lRq (10)

where ~lTp and ~lRq are vectors from AT1 to ATp and AR1 to ARq , respectively. After obtaining vectors
~dTp,mn(t) and ~dRq,mn(t), we can obtain vectors ~dT1,mn(t) and ~dR1,mn(t) by setting p = 1 and q = 1,

respectively. Correspondingly, distance differences dTp,mn(t) − dT1,mn(t) and dRq,mn(t) − dR1,mn(t)

can be obtained by higher-order Taylor expansion (see Appendix A). Then, steering vectors

aT,mn(φTE,mn , φ
T
A,mn

, dT1,mn) and aR,mn(φRE,mn , φ
R
A,mn

, dR1,mn) can be further expressed as

aT,mn
(
φTE,mn , φ

T
A,mn , d

T
1,mn

)
≈ 1√

MT

[
a1
T,mn , · · · , a

p
T,mn

, · · · , aMT
T,mn

]T
(11)

and

aR,mn(φRE,mn , φ
R
A,mn , d

R
1,mn) ≈ 1√

MR

[
a1
R,mn , · · · , a

q
R,mn

, · · · , aMR
R,mn

]T
. (12)

Note that we change the form of (7) and (8) to (11) and (12), respectively. Here, apT,mn and

aqR,mn can be expressed as

apT,mn = ej2πλ−1[−(p−1)δT sinΨT ]ej2πλ−1[(p−1)2δ2T (2dT1,mn )
−1(1−sin2 ΨT )]

ej2πλ−1
[
−2(p−1)δT v

T t(dT1,mn )
−1

sinΨT (1−cos ΞT )
]

(13)

and

aqR,mn = ej2πλ−1[−(q−1)δR sinΨR]ej2πλ−1[(q−1)2δ2R(2dR1,mn )
−1(1−sin2 ΨR)]

ej2πλ−1
[
−2(q−1)δRv

Rt(dR1,mn )
−1

sinΨR(1−cos ΞR)
]
. (14)
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Here, sinΨT = sinφTE,mn sin βTE + cosφTE,mn cos βTE cos
(
φTA,mn − β

T
A

)
, cos ΞT = cosφTE,mn cos(

φTA,mn − α
T
)
, sinΨR = sinφRE,mn sin βRE + cosφRE,mn cos βRE cos

(
φRA,mn − β

R
A

)
, and cos ΞR =

cosφRE,mn cos
(
φRA,mn − α

R
)
. They have been derived in Appendix A. The relative speeds for

the Tx and cluster CA
n , and the Rx and cluster CZ

n are expressed as vT and vR, respectively.

Equations (11) and (12) are steering vectors in the near-field spherical wavefront condition. In

the far-field plane wavefront condition, (11) and (12) can be further simplified as

aT,mn(φTE,mn , φ
T
A,mn) =

1√
MT

[
1, ej2πλ−1[−δT sinΨT ], · · · , ej2πλ−1[−(p−1)δT sinΨT ],

· · · , ej2πλ−1[−(MT−1)δT sinΨT ]

]T
(15)

and

aR,mn(φRE,mn , φ
R
A,mn) =

1√
MR

[
1, ej2πλ−1[−δR sinΨR], · · · , ej2πλ−1[−(q−1)δR sinΨR],

· · · , ej2πλ−1[−(MR−1)δR sinΨR]

]T
. (16)

Note that phases of the steering vectors present non-linear relationships with antenna indices

in the near-field spherical wavefront condition and linear relationships with antenna indices in

the far-field plane wavefront condition. This reflects that the complexity of near-field spherical

wavefront model is further increased compared to that of the far-field plane wavefront.

C. Spatial Non-stationarity

Another important channel characteristic of the ultra-massive MIMO is spatial non-stationarity.

We consider the cluster birth-death process along the antenna array to model spatial non-

stationarity. The detailed cluster birth-death process is the same as that in [13].

D. Channel Transfer Function (CTF) and Channel Impulse Response (CIR)

The CTF is the element of the channel matrix. After obtain the channel matrix, we can rewrite

the CTF as

HL
qp(t, f) =

FVp(φRE,L(t), φRA,L(t)
)

FHp
(
φRE,L(t), φRA,L(t)

)
T ejθ

VpVp
L 0

0 −ejθ
HpHp
L

FVp(φTE,L(t), φTA,L(t)
)

FHp
(
φTE,L(t), φTA,L(t)

)


× ej2π(fc−f)τLqp(t) (17)



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, OCTOBER 2022 12

and

HN
qp(t, f) =

N(t)∑
n=1

Mn(t)∑
m=1

FVp(φRE,mn(t), φRA,mn(t)
)

FHp
(
φRE,mn(t), φRA,mn(t)

)
T  ejθ

VpVp
mn

√
κ−1
mn(t)ejθ

VpHp
mn√

κ−1
mn(t)ejθ

HpVp
mn ejθ

HpHp
mn


×

FVp (φTE,mn(t), φTA,mn(t)
)

FHp
(
φTE,mn(t), φTA,mn(t)

)
√Pqp,mn(t)ej2π(fc−f)τqp,mn (t). (18)

Taking the inverse Fourier transform of the CTF, we can obtain the CIR

hLqp(t, τ) =

FVp(φRE,L(t), φRA,L(t)
)

FHp
(
φRE,L(t), φRA,L(t)

)
T ejθ

VpVp
L 0

0 −ejθ
HpHp
L

FVp(φTE,L(t), φTA,L(t)
)

FHp
(
φTE,L(t), φTA,L(t)

)


× ej2πfcτLqp(t)δ
(
τ − τLqp(t)

)
(19)

and

hNqp(t, τ) =

N(t)∑
n=1

Mn(t)∑
m=1

FVp(φRE,mn(t), φRA,mn(t)
)

FHp
(
φRE,mn(t), φRA,mn(t)

)
T  ejθ

VpVp
mn

√
κ−1
mn(t)ejθ

VpHp
mn√

κ−1
mn(t)ejθ

HpVp
mn ejθ

HpHp
mn


×

FVp (φTE,mn(t), φTA,mn(t)
)

FHp
(
φTE,mn(t), φTA,mn(t)

)
√Pqp,mn(t)ej2πfcτqp,mn (t)δ (τ − τqp,mn(t)) . (20)

Here, the CIR is consist with that in [13].

III. THE ULTRA-MASSIVE MIMO BDCM

The BDCM can be obtained by the unitary transformation of the GBSM. To introduce the

concept of beam, we change the form of (2) and (3). The LoS and NLoS components of the

channel matrix of the GBSM can be rewritten as [27]

HL(t, f) =

MR∑
q=1

MT∑
p=1

∑
L∈Sr,q

⋂
St,p

aR,L

FVp(φRE,L(t), φRA,L(t)
)

FHp
(
φRE,L(t), φRA,L(t)

)
T ejθ

VpVp
L 0

0 −ejθ
HpHp
L


×

FVp(φTE,L(t), φTA,L(t)
)

FHp
(
φTE,L(t), φTA,L(t)

)
 ej2π(fc−f)τL11(t)aHT,L (21)

and

HN(t, f)=
√

Pmn(t)�
MR∑
q=1

MT∑
p=1

aR,q
∑

mn∈Sr,q
⋂
St,p

FVp(φRE,mn(t), φRA,mn(t))

FHp(φ
R
E,mn

(t), φRA,mn(t))

T

×

 ejθ
VpVp
mn

√
κ−1
mn(t)ejθ

VpHp
mn√

κ−1
mn(t)ejθ

HpVp
mn ejθ

HpHp
mn

FVp(φTE,mn(t), φTA,mn(t))

FHp(φ
T
E,mn

(t), φTA,mn(t))

 ej2π(fc−f)τ11,mn (t)aHT,p.

(22)
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Here, we introduce beam partitions St,p and Sr,q. Specifically, St,p and Sr,q are the sets of all

paths whose transmitting and receiving angles are close to angles θ̃p and θ̃q, respectively [27],

[41]. Here, θ̃p and θ̃q are virtual angles for the samples of transmitting and receiving physical

angles [27], [41]. They can be calculated as θ̃p = 2p−1
2MT

− 1
2
(p = 1, 2, · · · ,MT ) and θ̃q =

2q−1
2MR
− 1

2
(q = 1, 2, · · · ,MR). Note that

∪pSt,p = ∪qSr,q = ∪p,q(St,p ∩ Sr,q) = {1, 2, · · · ,mn, · · · , N(t)Mn(t)}. (23)

From (23), we can see that only MPCs belonging to beam partitions St,p and Sr,q can be added

to the qth row and pth column element of the BDCM. In addition, the relationship between

virtual angles and physical angles can be expressed as

θ̃p =
δT
λ

sin
(
φTE,mn

)
sin βTE +

δT
λ

cos
(
φTE,mn

)
cos βTE cos

(
φTA,mn − β

T
A

)
, mn ∈ St,p (24)

and

θ̃q =
δR
λ

sin
(
φRE,mn

)
sin βRE +

δR
λ

cos
(
φRE,mn

)
cos βRE cos

(
φRA,mn − β

R
A

)
, mn ∈ Sr,q. (25)

Note that θ̃p and θ̃q are samples in the beam domain for the Tx and Rx, respectively.

After obtaining steering vectors aT,p and aR,q, we can obtain steering matrices AT and AR

AT =
[
aT,1(φTE,mn , φ

T
A,mn , d

T
1,mn), · · · , aT,p(φTE,mn , φ

T
A,mn , d

T
1,mn) · · · ,

aT,MT
(φTE,mn , φ

T
A,mn , d

T
1,mn)

]
, mn ∈ St,p (26)

and

AR =
[
aR,1(φRE,mn , φ

R
A,mn , d

R
1,mn), · · · , aR,q(φRE,mn , φ

R
A,mn , d

R
1,mn) · · · ,

aR,MR
(φRE,mn , φ

R
A,mn , d

R
1,mn)

]
, mn ∈ Sr,q. (27)

Equations (26) and (27) are steering matrices in the near-field spherical wavefront condition.

The dimensions of AT and AR are MT × MT and MR × MR, respectively. Steering vectors

aT,p
(
φTE,mn , φ

T
A,mn

, dT1,mn
)

and aR,q(φRE,mn , φ
R
A,mn

, dR1,mn) for columns of AT and AR can be

further expressed as

aT,p
(
φTE,mn , φ

T
A,mn , d

T
1,mn

)
=

1√
MT

[
a1
T,mn , · · · , a

p
T,mn

, · · · , aMT
T,mn

]T
, mn∈St,p (28)

and

aR,q(φRE,mn , φ
R
A,mn , d

R
1,mn)=

1√
MR

[
a1
R,mn , · · · , a

q
R,mn

, · · · , aMR
R,mn

]T
, mn∈Sr,q. (29)
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Note that (28) and (29) are the pth column and qth column steering vectors of steering matrices

AT and AR, respectively. They are related to virtual angles θ̃p and θ̃q for all the MPCs of

the mth scatterer in the nth cluster belonging to beam partitions St,p and Sr,q. This can be

represented by mn ∈ St,p and mn ∈ Sr,q. The phases of steering vectors at the Tx and Rx sides

are related to angles sinΨT and sinΨR, and distances dT1,mn and dR1,mn in the near-field spherical

wavefront condition according to (13) and (14). When vT = 0, vR = 0, 1−sin2 ΨT

2dT1,mn
= CT

con, and
1−sin2 ΨR

2dR1,mn
= CR

con [44], AT and AR become unitary matrices in the near-field spherical wavefront

condition. Note that CT
con and CR

con represent constants, and they are illustrated in Fig. 3.

In addition, in the far-field plane wavefront condition, (26) and (27) can be simplified as

AT =
[
aT,1(φTE,mn , φ

T
A,mn), · · · , aT,p(φTE,mn , φ

T
A,mn), · · · ,aT,MT

(φTE,mn , φ
T
A,mn)

]
,

mn ∈ St,p (30)

and

AR =
[
aR,1(φRE,mn , φ

R
A,mn), · · · , aR,q(φRE,mn , φ

R
A,mn), · · · ,aR,MR

(φRE,mn , φ
R
A,mn)

]
,

mn ∈ Sr,q. (31)

Here, AT and AR are unitary matrices. For ULA, by sampling the angle and distance rings in

the near-field spherical wavefront condition and in the far-field plane wavefront condition, AT

and AR are unitary matrices. For any antenna configuration, AT and AR become asymptotically
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.
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unitary matrices when MR and MT tend to infinity [45]. The ultra-massive MIMO beam domain

channel matrix Hb can be obtained as

Hb(t, f) = ARH(t, f)AH
T . (32)

Here, beam domain channel matrix can be rewritten as

Hb(t, f) =

√
KRF (t)

KRF (t) + 1
HL
b (t, f) +

√
1

KRF (t) + 1
HN
b (t, f) (33)

where HL
b (t, f) and HN

b (t, f) are LoS path and NLoS components of the beam domain channel

matrix, respectively. Similarly, Hb(t, f), HL
b (t, f), and HN

b (t, f) are MR ×MT matrices. Corre-

spondingly, the qth row and pth column element of HL
b (t, f) and HN

b (t, f) can be expressed as

[27], [41]

HL
bqbp(t, f) ≈

∑
L∈Sr,q

⋂
St,p

FVp(φRE,L(t), φRA,L(t)
)

FHp
(
φRE,L(t), φRA,L(t)

)
T ejθ

VpVp
L 0

0 −ejθ
HpHp
L


×

FVp(φTE,L(t), φTA,L(t)
)

FHp
(
φTE,L(t), φTA,L(t)

)
 ej2π(fc−f)τL11(t) (34)

and

HN
bqbp(t, f) ≈

∑
mn∈Sr,q

⋂
St,p

FVp(φRE,mn(t), φRA,mn(t))

FHp(φ
R
E,mn

(t), φRA,mn(t))

T ejθ
VpVp
mn

√
κ−1
mn(t)ejθ

VpHp
mn√

κ−1
mn(t)ejθ

HpVp
mn ejθ

HpHp
mn


×

FVp(φTE,mn(t), φTA,mn(t))

FHp(φ
T
E,mn

(t), φTA,mn(t))

√Pmn(t)ej2π(fc−f)τ11,mn (t). (35)

Here, Pmn(t) is the power for the mth ray of nth path. Fig. 4 shows the beamwidth changing

with different antenna numbers. We can see that with the increase of antenna numbers, the

beamwidth becomes more and more narrow. This means the arrays can distinguish all angles of

arrival and departure when the number of antennas approaches infinity.

IV. STATISTICAL PROPERTIES AND CHANNEL CAPACITIES OF THE GBSM AND BDCM

In this section, common statistical properties of the GBSM and the corresponding BDCM

are studied and derived, including the STF correlation functions (CFs), SCCFs, TACFs, FCFs,

normalized channel powers, and Doppler PSDs. Specific statistical properties such as the RMS

angular spread of the GBSM and the RMS beam spread of the BDCM are derived. In addition,

the channel capacities of the GBSM and the corresponding BDCM are studied and derived.
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Fig. 4. The beamwidth with different antenna numbers.

A. STF CFs

STF CFs describe correlations of the GBSM and BDCM in the STF domains. After obtaining

elements Hqp(t, f) and Hq′p′(t+4t, f +4f) of the channel matrix H(t, f), we can obtain the

STF CF of the GBSM as

Rqp,q′p′(t, f ;4t,4f)=E
[
Hqp(t, f)H∗q′p′(t+4t, f+4f)

]
=

√
KRF (t)KRF (t+4t)(

KRF (t)+1
)(
KRF (t+4t)+1

)
RL
qp,q′p′(t, f ;4t,4f) +

1√(
KRF (t) + 1

)(
KRF (t+4t) + 1

)RN
qp,q′p′(t, f ;4t,4f) (36)

where E[·] is the expectation operator, (·)∗ is the conjugate operator, 4t is the time difference,

4f is the frequency difference, p and p′ represent different Tx antennas, q and q′ represent

different Rx antennas. The STF CFs of the LoS and NLoS components of the GBSM are

RL
qp,q′p′(t, f ;4t,4f) and RN

qp,q′p′(t, f ;4t,4f), respectively. They can be further expressed as

RL
qp,q′p′(t, f ;4t,4f)= e

j 2π
λ

[
dRq,L(t)−dR1,L(t)−dR

q′,L(t+4t)+dR1,L(t+4t)
]
ej 2π
λfc

(fc−f)
[
dL(t)−dL(t+4t)

]
× ej 2π

λfc
4fdL(t+4t)e

−j 2π
λ

[
dTp,L(t)−dT1,L(t)−dT

p′,L(t+4t)+dT1,L(t+4t)
]

(37)

and

RN
qp,q′p′(t, f ;4t,4f) = E

[
N(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn(t)Pq′p′,mn(t+4t)

× ej 2π
λ

[
dRq,mn (t)−dR1,mn (t)−dR

q′,mn
(t+4t)+dR1,mn (t+4t)

]
ej 2π
λfc

(fc−f)
[
d11,mn (t)−d11,mn (t+4t)

]
+j 2π

λfc
4fd11,mn (t+4t)

× e−j 2π
λ

[
dTp,mn (t)−dT1,mn (t)−dT

p′,mn
(t+4t)+dT1,mn (t+4t)

]]
. (38)

Here, dL(t) represents the LoS distance between the antenna AT1 and the antenna AR1 at time t.

Note that we consider omnidirectional single-polarized antennas for simplicity.
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Similarly, when we obtain elements Hbqbp(t, f) and Hb′qb
′
p
(t + 4t, f + 4f) of the channel

matrix Hb(t, f), we can calculate the STF CF of the BDCM as

Rbqbp,b′qb
′
p
(t, f ;4t,4f)=E

[
Hbqbp(t, f)H∗b′qb′p(t+4t, f+4f)

]
=

√
KRF (t)KRF (t+4t)(

KRF (t)+1
)(
KRF (t+4t)+1

)
RL
bqbp,b′qb

′
p
(t, f ;4t,4f) +

1√(
KRF (t) + 1

)(
KRF (t+4t) + 1

)RN
bqbp,b′qb

′
p
(t, f ;4t,4f). (39)

Here, bp and b′p represent different Tx beams, bq and b′q represent different Rx beams. The STF

CFs of LoS and NLoS components of the BDCM are RL
bqbp,b′qb

′
p
(t, f ;4t,4f) and RN

bqbp,b′qb
′
p
(t, f ;

4t,4f), respectively. They can be expressed as

RL
bqbp,b′qb

′
p
(t, f ;4t,4f) = E

[ ∑
L∈Sr,q

⋂
St,p

∑
L′∈Sr,q′

⋂
St,p′

ej 2π
λfc

(fc−f)[dL(t)−dL′ (t+4t)]+j 2π
λfc
4fdL′ (t+4t)

]
(40)

and

RN
bqbp,b′qb

′
p
(t, f ;4t,4f) =E

[ ∑
mn∈Sr,q

⋂
St,p

∑
m′n∈Sr,q′

⋂
St,p′

√
Pmn(t)Pmn′ (t+4t)

× ej 2π
λfc

(fc−f)[d11,mn (t)−d11,mn′ (t+4t)]ej 2π
λfc
4fd11,m′n (t+4t)

]
. (41)

B. SCCFs

The SCCF of the GBSM describes the correlation of different antennas and can be expressed as

γqp,q′p′(t, f) = E
[
Hqp(t, f)H∗q′p′(t, f)

]
=

KRF (t)

KRF (t) + 1
γLqp,q′p′(t, f) +

1

KRF (t) + 1
γNqp,q′p′(t, f)

(42)

where γLqp,q′p′(t, f) and γNqp,q′p′(t, f) are the SCCFs of LoS and NLoS components of the GBSM,

respectively. They can be expressed as

γLqp,q′p′(t, f) = e
j 2π
λ

[
dRq,L(t)−dR

q′,L(t)−dTp,L(t)+dT
p′,L(t)

]
(43)

and

γNqp,q′p′(t, f)= E

[
N(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn(t)Pq′p′,mn(t)e

j 2π
λ

[
dRq,mn (t)−dR

q′,mn
(t)

]
e

j 2π
λ

[
−dTp,mn (t)+dT

p′,mn
(t)

]]
.

(44)
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Note that the SCCF of the GBSM can also be obtained by setting 4t = 0 and 4f = 0 of the

STF CF of the GBSM.

The SCCF of the BDCM describes the correlation of different beams and can be expressed as

γbqbp,b′qb′p(t, f)= E
[
Hbqbp(t, f)H∗b′qb′p(t, f)

]
=

KRF (t)

KRF (t) + 1
γLbqbp,b′qb′p(t, f)

+
1

KRF (t) + 1
γNbqbp,b′qb′p(t, f). (45)

In (45), γLbqbp,b′qb′p(t, f) and γNbqbp,b′qb′p(t, f) are the SCCFs of LoS and NLoS components of the

BDCM, respectively. They can be expressed as

γLbqbp,b′qb′p(t, f) = E

[ ∑
L∈Sr,q

⋂
St,p

∑
L′∈Sr,q′

⋂
St,p′

ej 2π
λfc

(fc−f)
[
dL(t)−dL′ (t)

]]
(46)

and

γNbqbp,b′qb′p(t, f)=E

[ ∑
mn∈Sr,q

⋂
St,p

∑
m′n∈Sr,q′

⋂
St,p′

√
Pmn(t)Pmn′ (t)e

j 2π
λfc

(fc−f)[d11,mn (t)−d11,mn′ (t)]

]
.(47)

Similarly, the SCCF of the BDCM can also be obtained by setting 4t = 0 and 4f = 0 of the

STF CF of the BDCM.

C. TACFs

The TACF of the GBSM describes the correlation of different time instants and can be

expressed as

ζqp,qp(t, f ;4t)= E
[
Hqp(t, f)H∗qp(t+4t, f)

]
=

√
KRF (t)KRF (t+4t)(

KRF (t)+1
)(
KRF (t+4t)+1

)ζLqp,qp(t, f ;4t)

+
1√(

KRF (t) + 1
)(
KRF (t+4t) + 1

)ζNqp,qp(t, f ;4t) (48)

where ζLqp,qp(t, f ;4t) and ζNqp,qp(t, f ;4t) are the TACFs of LoS and NLoS components of the

GBSM, which can be expressed as

ζLqp,qp(t, f ;4t)= ej 2π
λ [dRq,L(t)−dR1,L(t)−dRq,L(t+4t)+dR1,L(t+4t)]ej 2π

λfc
(fc−f)

[
dL(t)−dL(t+4t)

]
× e−j 2π

λ [dTp,L(t)−dT1,L(t)−dTp,L(t+4t)+dT1,L(t+4t)] (49)

and

ζNqp,qp(t, f ;4t) = E

[
N(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn(t)Pqp,mn(t+4t)ej 2π

λfc
(fc−f)[d11,mn (t)−d11,mn (t+4t)]

×ej 2π
λ [dRq,mn (t)−dR1,mn (t)−dRq,mn (t+4t)+dR1,mn (t+4t)]e−j 2π

λ [dTp,mn (t)−dT1,mn (t)−dTp,mn (t+4t)+dT1,mn (t+4t)]

]
.(50)



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, OCTOBER 2022 19

Note that the TACF of the GBSM can also be obtained by setting p = p′, q = q′, and 4f = 0

of the STF CF of the GBSM.

Similarly, the TACF of the BDCM describes the correlation of different time instants and can

be expressed as

ζbqbp,bqbp(t, f ;4t) = E
[
Hbqbp(t, f)H∗bqbp(t+4t, f)

]
=

√
KRF (t)KRF (t+4t)(

KRF (t)+1
)(
KRF (t+4t)+1

)
ζLbqbp,bqbp(t, f ;4t) +

1√(
KRF (t) + 1

)(
KRF (t+4t) + 1

)ζNbqbp,bqbp(t, f ;4t). (51)

Here, ζLbqbp,bqbp(t, f ;4t) and ζNbqbp,bqbp(t, f ;4t) are the TACFs of LoS and NLoS components of

the BDCM, respectively. They can be expressed as

ζLbqbp,bqbp(t, f ;4t) = E

[ ∑
L∈Sr,q

⋂
St,p

ej 2π
λfc

(fc−f)
[
dL(t)−dL(t+4t)

]]
(52)

and

ζNbqbp,bqbp(t, f ;4t)=E

[ ∑
mn∈Sr,q

⋂
St,p

√
Pmn(t)Pmn(t+4t)ej 2π

λfc
(fc−f)

[
d11,mn (t)−d11,mn (t+4t)

]]
.(53)

The TACF of the BDCM can also be obtained by setting bp = b′p, bq = b′q, and 4f = 0 of the

STF CF of the BDCM.

D. FCFs

The FCF of the GBSM describes the correlation of different carrier frequencies and can be

expressed as

κqp,qp(t, f ;4f)= E
[
Hqp(t, f)H∗qp(t, f ; f +4f)

]
=

KRF (t)

KRF (t) + 1
κLqp,qp(t, f ;4f) +

1

KRF (t) + 1
κNqp,qp(t, f ;4f) (54)

where κLqp,qp(t, f ;4f) and κNqp,qp(t, f ;4f) are the FCFs of LoS and NLoS components of the

GBSM, respectively. They can be expressed as

κLqp,qp(t, f ;4f) = ej 2π
λfc
4fdL(t) (55)

and

κNqp,qp(t, f ;4f) = E

[
N(t)∑
n=1

Mn(t)∑
m=1

Pqp,mn(t)ej 2π
λfc
4fd11,mn (t)

]
. (56)
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The FCF of the GBSM can also be obtained by setting p = p′, q = q′, and 4t = 0 of the STF

CF of the GBSM.

Similarly, the FCF of the BDCM describes the correlation of different carrier frequencies can

be expressed as

κbqbp,bqbp(t, f ;4f)= E
[
Hbqbp(t, f)H∗bqbp(t, f ; f +4f)

]
=

KRF (t)

KRF (t) + 1
κLbqbp,bqbp(t, f ;4f)

+
1

KRF (t) + 1
κNbqbp,bqbp(t, f ;4f). (57)

Here, κLbqbp,bqbp(t, f ;4f) and κNbqbp,bqbp(t, f ;4f) are the FCFs of LoS and NLoS components of

the BDCM, which can be expressed as

κLbqbp,bqbp(t, f ;4f)= E

[ ∑
L∈Sr,q

⋂
St,p

ej 2π
λfc
4fdL(t)

]
(58)

and

κNbqbp,bqbp(t, f ;4f)= E

[ ∑
mn∈Sr,q

⋂
St,p

Pmn(t)ej 2π
λfc
4fd11,mn (t)

]
. (59)

The FCF of the BDCM can also be obtained by setting bp = b′p, bq = b′q, and 4t = 0 of the

STF CF of the BDCM.

E. RMS Angular Spread and RMS Beam Spread

The RMS angular spread of the GBSM can be expressed as [46]

φas =

[∑N
n=1

∑Mn

m=1 Pmn
(
φRA,mn

)2∑N
n=1

∑Mn

m=1 Pmn
−

(∑N
n=1

∑Mn

m=1 Pmnφ
R
A,mn∑N

n=1

∑Mn

m=1 Pmn

)2 ]1/2

. (60)

The RMS beam spread of the BDCM can be expressed as

φbs=

[∑MR

q=1

∑MT

p=1

∑
mn∈Sr,q

⋂
St,p

Pmn(φRA,mn)
2∑MR

q=1

∑MT

p=1

∑
mn∈Sr,q

⋂
St,p

Pmn
−

(∑MR

q=1

∑MT

p=1

∑
mn∈Sr,q

⋂
St,p

Pmnφ
R
A,mn∑MR

q=1

∑MT

p=1

∑
mn∈Sr,q

⋂
St,p

Pmn

)2
1/2

.(61)

F. Normalized Channel Powers

The normalized channel power of the GBSM can be expressed as

P̃ (t, f)=

∣∣H(t, f)�HH(t, f)
∣∣

max
∣∣H(t, f)�HH(t, f)

∣∣ (62)

where max represents the maximum element of the matrix and |·| represents the absolute value

operator.

The normalized channel power of the BDCM can be expressed as

P̃b(t, f)=

∣∣Hb(t, f)�HH
b (t, f)

∣∣
max

∣∣Hb(t, f)�HH
b (t, f)

∣∣ . (63)
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G. Doppler PSDs

The Doppler shift is caused by the movement of the UE. The Doppler PSD in the array

domain can be defined as [38], [47], [48]

ψ(t, ν, f) =

∫
E
[
Hqp(t, f)H∗qp(t+4t, f)

]
e−j2πν4td4t (64)

where Hqp(t, f) is the element of the channel matrix H(t, f) and ν is the Doppler frequency.

Similarly, taking the Fourier transform of E[Hbqbp(t, f)H∗bqbp(t+4t, f)] in the time domain,

the Doppler PSD in the beam domain can be defined as [23]

ψb(t, ν, f) =

∫
E[Hbqbp(t, f)H∗bqbp(t+4t, f)]e−j2πν4td4t. (65)

Here, Hbqbp(t, f) is the element of the channel matrix Hb(t, f).

H. Channel Capacity

The channel capacity for communication to a single-user can be defined as [49], [50]

C =
1

NsNf

∑
s,f

[
log2

[
det
(

IMR
+

ρ

MT

Ĥ(s, f)Ĥ
H

(s, f)

)]]
(66)

where Ns is the number of snapshots, Nf is the number of frequency points, det [·] is the

determinant operator, ρ is the signal-to-noise ratio (SNR), IMR
is the MR×MR identity matrix,

and Ĥ(s, f) is the normalized channel matrix for the sth snapshot and f th frequency point

expressed as Ĥ(s, f) = H(s, f)/
√
Pr(s, f). Here, Pr(s, f) is the received power for the sth

snapshot and f th frequency point and can be obtained by Pr(s, f) = 1
MRMT

‖ H(s, f) ‖2
F. Note

that ‖ · ‖F is the Frobenius norm operator.

V. RESULTS AND ANALYSIS

In this section, results and analysis of the GBSM and BDCM in the near-field and far-field

conditions are studied, including SCCFs, TACFs, FCFs, RMS angular spread, RMS beam spread,

level crossing rates (LCRs), average fading durations (AFDs) [51], etc. Non-stationary effects

in the STF domains are demonstrated. Note that near-field and far-field conditions refer to

the conditions of steering matrices transformed to unitary matrices rather than the actual near-

field and far-field. By sampling the angle and distance rings, steering matrices of the spherical

wavefront can be transformed to unitary matrices. In addition, steering matrices of the plane

wavefront are unitary matrices. This achieves a perfect transformation from the GBSM to the
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BDCM in the near-field and far-field conditions. The sparsity and insensitivity to Doppler shift

and fading of the BDCM are also studied by the normalized channel power and Doppler PSD. In

addition, channel capacities of the GBSM and BDCM in the near-field and far-field conditions

are investigated.

A. Non-stationarity

1) SCCFs: SCCFs of the GBSM and BDCM are illustrated in Fig. 5. For the GBSM and

BDCM, horizontal axes represent the antenna index and the beam index. The measurement data

is taken from the ultra-massive channel measurement campaign, which is conducted at 5.3 GHz

in a LoS environment [13]. We can see that simulation results of the GBSM in the near-field

condition fit the measurement data well. This indicates that the GBSM is more accurate in the

near-field condition than in the simplified far-field condition. In addition, the consistency of

simulation results and analytical results illustrates the correctness of the GBSM and BDCM.

The correlation of the BDCM is smaller compared with that of the GBSM, which indicates that

the correlation in the beam domain is smaller than that in the array domain. Taking 0.5 as the

threshold [13], the coherence distances can be obtained and they are smaller for the BDCM than

those for the GBSM.

2) TACFs: As illustrated in Fig. 6, TACFs of the GBSM and BDCM are studied in near-field

and for simplified far-field conditions. Both the Tx and Rx are equipped with ULAs. The number

of Tx antennas MT equals to 8 and the number of Rx antennas MR equals to 128. The Tx is

moving with a velocity of 2 m/s and the Rx is static. Similarly, the measurement data is taken from
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Fig. 5. SCCFs of the GBSM and BDCM in a LoS environment for Route 1, Position 6, ULA (fc = 5.3 GHz, MT

= 8, MR = 128, σASA =σASD= 5 m, σESA= σESD = 5 m, σDS = 4 m, λG = 20/m, λR = 1/m).
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Fig. 6. TACFs of the GBSM and BDCM with the Tx moving along Route 1 (fc = 5.3 GHz, MT = 8, MR = 128,

σASA = σASD= 5 m, σESA = σESD = 5 m, σDS = 4 m, λG = 20/m, λR = 1/m, vT = 2 m/s).

the ultra-massive channel measurement campaign, where the Tx is moving along Route 1 [13].

Simulation results of the GBSM and BDCM fit the measurement data well in the near-field

condition, which indicates that the GBSM and BDCM are more accurate when considering the

near-field effect than just making the far-field assumption. Correlations of the GBSM and BDCM

are smaller considering near-field effect than those in the far-field case. In [52], the absolute value

of the time-frequency correlation function for different antenna beamwidths shows that a smaller

beamwidth leads to a larger correlation for the reduced number of clusters covered by antenna

beams. Therefore, we can conclude that the simplified far-field effect discards some MPCs and

reduces the accuracy in modeling near-field LoS environments.

3) FCFs: As shown in Fig. 7, FCFs of the GBSM and BDCM are studied in the near-field and

simplified far-field conditions. Note that the antenna configuration and measurement environment

are the same as those in Fig. 6. We can see that correlations of the GBSM and BDCM are smaller

in the near-field condition than those in the far-field condition. This is because the far-field effect

considers steering matrices only related to angle, which means fewer MPCs. The near-field effect

considers steering matrices related to angle and distance, which covers more MPCs. Taking 0.5

as the threshold, the coherence bandwidths can be obtained and they are smaller for the GBSM

and BDCM considering near-field effect than those in the far-field case.

4) RMS Angular Spread and RMS Beam Spread: Cumulative distribution functions (CDFs)

of RMS angular spread of the GBSM and RMS beam spread of the BDCM in LoS environments

are illustrated in Fig. 8. Note that the antenna configuration is the same as that in Fig. 6. We

can see that simulation results of RMS angular spread of the GBSM and RMS beam spread of
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Fig. 7. FCFs of the GBSM and BDCM in a LoS environment for Route 1, Position 6, ULA (fc = 5.3 GHz, MT

= 8, MR = 128, σASA = σASD = 5 m, σESA = σESD = 5 m, σDS = 4 m, λG = 20/m, λR = 1/m).
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Fig. 8. The RMS angular spread of the GBSM and RMS beam spread of the BDCM in LoS environments (fc =

5.3 GHz, MT = 8, MR = 128, σASA = σASD = 7 m, σESA = σESD = 5 m, σDS = 6 m, λG = 20/m, λR = 1/m).

the BDCM fit the measurement data well in the near-field condition. However, the simulation

result for the RMS beam spread of the BDCM is smaller than the measurement data in the

far-field condition. It is important to include near-field effects when modeling the performance

of near-field propagation scenarios.

B. Beam Domain Sparsity

1) Normalized Channel Powers: Fig. 9 shows normalized channel powers of the GBSM and

BDCM in a NLoS environment. Note that the antenna configuration is the same as that in Fig. 6.

Compared with the normalized channel power of the GBSM, the normalized channel power of
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Fig. 9. Normalized channel powers in a NLoS environment (fc = 5.3 GHz, MT = 8, MR = 128, σASA = σASD =

12 m, σESA = σESD = 10 m, σDS = 8 m, λG = 20/m, λR = 1/m).

the BDCM shows that most of the energy is contained at a few AAoAs, indicating the channel is

spatially sparse. This is because that the GBSM superimposes all the MPCs in the array domain

and the BDCM separates the MPCs of different angles by different beams. From Figs. 9 (c)

and (d), the sparsity of the BDCM is more evident in the far-field condition than that in the

near-field condition. Again, we can conclude that the near-field effect considers more MPCs than

the far-field effect.

2) Doppler PSDs: Fig. 10 shows Doppler PSDs of the GBSM and BDCM. Again, the antenna

configuration and measurement environment are the same as those in Fig. 6. Compared with the

Doppler PSD of the GBSM, the Doppler PSD of the BDCM shows that most of the energy is

contained at a few beams, indicating the channel is spatially sparse. Similarly, the sparsity of

the BDCM is more evident in the far-field condition than that in the near-field condition, which

also indicates that the near-field effect introduces more MPCs than far-field effect.

C. Beam Domain Insensitivity to Fading and Doppler Shift

1) Doppler PSDs: Fig. 11 (a) shows Doppler PSDs of the GBSM for antenna 1 and BDCM

for beam 1 with the Tx moving along Route 1. The Doppler PSD of the BDCM is smaller than

that of the GBSM. Compared with the Doppler PSD of the GBSM, there is no apparent peak

for the Doppler PSD of the BDCM. This indicates that the BDCM illustrates insensitivity to

Doppler shift. Fig. 11 (b) shows the CDFs of the Doppler PSD of the GBSM for antenna 1 and

BDCM for beam 1 with the Tx moving along Route 1. The power of the BDCM for beam 1 is
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Fig. 10. Doppler PSDs of the GBSM and BDCM with the Tx moving along Route 1 (fc = 5.3 GHz, MT = 8, MR
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Fig. 11. Doppler PSDs of the GBSM for antenna 1 and BDCM for beam 1 with the Tx moving along Route 1.

much smaller than that of the GBSM for antemma 1. The corresponding MPCs of the BDCM

for beam 1 cannot be estimated. This indicates that the BDCM shows insensitivity to fading than

the GBSM. Figs. 12 (a) and (b) show the LCR and AFD of the amplitudes of GBSM for antenna

1 and BDCM for beam 1 with the Tx moving along Route 1. The reference level has a lot of

influence on the LCR and AFD. The larger LCR brings the smaller AFD. In addition, the LCRs

are larger in the near-field condition than those in the far-field condition for the GBSM and

BDCM. The AFDs are smaller in the near-field condition than those in the far-field condition

for the GBSM and BDCM.
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D. Channel Capacity

As illustrated in Fig. 13, measured and simulated channel capacities of the GBSM and

BDCM in LoS and NLoS environments are compared. The channel capacities of the GBSM

and BDCM fit the measurement data better in the near-field condition than those in the far-field

condition in LoS environments. However, the channel capacities of the GBSM and BDCM fit the
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Fig. 13. Measured and simulated channel capacities in (a) LoS and (b) NLoS environments. (a) Measured and

simulated channel capacities of a single-user in a LoS environment for Route 1, Position 7 (fc = 5.3 GHz, MT =

8, MR = 128, σASA = σASD = 7 m, σESA = σESD = 5 m, σDS = 4 m, λG = 20/m, λR = 1/m). (b) Measured

and simulated channel capacities of a single-user in a NLoS environment for Route 1, Position 1 (fc = 5.3 GHz,

MT = 8, MR = 128, σASA = σASD = 12 m, σESA = σESD = 10 m, σDS = 8 m, λG = 20/m, λR = 1/m).
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measurement data well in both near-field and far-field conditions in NLoS environments. Again,

the measurement data is from the single-user channel measurement campaign in [13]. We can

conclude that near-field communications can improve system performance in LoS environments.

However, near-field communications do not play an important influence on improving system

performance in NLoS environments. This is because the near-field effect mainly increases the

degrees of freedom (DoF) [53], [54] in LoS environments. In addition, as expected the channel

capacities increase as the SNR increases.

VI. CONCLUSIONS

In this paper, an ultra-massive MIMO BDCM has been obtained by the transformation of

the existing GBSM considering steering matrices of spherical wavefront and plane wavefront.

Common statistical properties of the GBSM and BDCM have been investigated, including

SCCFs, TACFs, FCFs, etc. Specific statistical properties, including the RMS angular spread

of the GBSM and the RMS beam spread of the BDCM, have also been studied. Compared to

the far-field condition, the near-field condition depends not only on distance but also on angle.

This makes the correlations of the GBSM and BDCM lower in the near-field condition than

those in the far-field condition for TACFs and FCFs. After the beam division, the correlation

between different beams can be reduced. Thus, the correlation of BDCM is lower than that

of the GBSM for SCCFs in both near-field and far-field conditions. The BDCM shows higher

sparsity in the beam domain than the GBSM in the array domain, which provides a new view of

beam domain for channel characteristic analysis to reduce the model complexity. In addition, the

BDCM illustrates insensitivity to both Doppler shift and fading. Channel capacities results show

that the near-field effect increases channel capacities in LoS environments. In conclusion, near-

field communications may play an important role for higher frequencies and larger bandwidths

in LoS environments.

APPENDIX A

THE DERIVATION OF dTp,mn(t)− dT1,mn(t) AND dRq,mn(t)− dR1,mn(t)

The vectors in (9) can be expressed as

~dT1,mn = dT1,mn
[
cosφTE,mn cosφTA,mn , cosφTE,mn sinφTA,mn , sinφ

T
E,mn

]
(67)

~vAn(t) = vAn(t)
[
cosαAnE (t) cosαAnA (t), cosαAnE (t) sinαAnA (t), sinαAnE (t)

]
(68)
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~vT (t) = vT (t)
[
cosαTE(t) cosαTA(t), cosαTE(t) sinαTA(t), sinαTE(t)

]
(69)

and

~lTp = δp
[
cos βTE cos βTA, cos βTE sin βTA, sin β

T
E

]
. (70)

Applying the vector rule of calculation and in the condition ~vT (t)−~vAn(t) = vT ejαT , we obtain

distances dTp,mn(t) =‖ ~dTp,mn(t) ‖ and dT1,mn(t) =‖ ~dT1,mn(t) ‖ by higher-order Taylor expansion

dTp,mn(t) ≈ dT1,mn − δp
[

sinφTE,mn sin βTE + cosφTE,mn cos βTE cos
(
φTA,mn − β

T
A

) ]
− vT t cosφTE,mn

cos
(
φTA,mn − α

T
)

+
1

2dT1,mn

[
δ2
p

(
1−

(
sinφTE,mn sin βTE + cosφTE,mn cos βTE cos

(
φTA,mn − β

T
A

))2
)

+
(
vT t
)2
(

1−
(
cosφTE,mn cos

(
φTA,mn − α

T
))2
)
− 2δpv

T t
(
sinφTE,mn sin βTE + cosφTE,mn

cos βTE cos
(
φTA,mn − β

T
A

)) (
1− cosφTE,mn cos

(
φTA,mn − α

T
)) ]

(71)

and

dT1,mn(t) ≈ dT1,mn − v
T t cosφTE,mn cos

(
φTA,mn − α

T
)

+

1

2dT1,mn

[(
vT t
)2 (

1− cosφTE,mn cos
(
φTA,mn − α

T
))2
]
. (72)

Thus, distance differences at the Tx side can be further expressed as

dTp,mn(t)− dT1,mn(t) = −δp
[

sinφTE,mn sin βTE + cosφTE,mn cos βTE cos
(
φTA,mn − β

T
A

) ]
+

1

2dT1,mn[
δ2
p

(
1−

(
sinφTE,mn sin βTE + cosφTE,mn cos βTE cos

(
φTA,mn − β

T
A

))2
)
− 2δpv

T t
(
sinφTE,mn

sin βTE + cosφTE,mn cos βTE cos
(
φTA,mn − β

T
A

)) (
1− cosφTE,mn cos

(
φTA,mn − α

T
)) ]

. (73)

For simplicity, we define sinΨT and cos ΞT as

sinΨT = sinφTE,mn sin βTE + cosφTE,mn cos βTE cos
(
φTA,mn − β

T
A

)
(74)

and

cos ΞT = cosφTE,mn cos
(
φTA,mn − α

T
)
. (75)

Applying δp = (p − 1)δT and substituting (75) into (73), we can obtain distance differences at

the Tx side

dTp,mn(t)− dT1,mn(t) =

[
− (p− 1) δT sinΨT +

(p− 1)2 δ2
T

2dT1,mn

(
1− sin2 ΨT

)
−2 (p− 1)

dT1,mn
δTv

T t sinΨT
(
1− cos ΞT

)]
. (76)
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Similarly, distance differences at the Rx side can be expressed as

dRq,mn(t)− dR1,mn(t) =

[
− (q − 1) δR sinΨR +

(q − 1)2 δ2
R

2dR1,mn

(
1− sin2 ΨR

)
−2 (q − 1)

dR1,mn
δRv

Rt sinΨR
(
1− cos ΞR

)]
. (77)
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