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Abstract—In this paper, a three dimensional (3D) geometry
based. stochastic model (GBSM) considering planar antenna ar-
ray is firstly proposed for the sixth generation (6G) terahertz
(THz) massive multiple-input multiple-output (MIMO) wireless
communication systems. Then, a novel beam domain channel model
(BDCM) is derived from the proposed GBSM based on the Fourier
transform matrix from the spatial domain to the angle domain in
horizontal and vertical directions simultaneously. The THz prop-
agation characteristics, including non-negligible diffuse scattering
and limited order of reflection, are considered in these two channel
models. In addition, the proposed GBSM and BDCM can capture
the spherical wavefront and spatial non-stationarity characteristics
in massive MIMO channels by deriving steering vectors of near-
field clusters and partly visible clusters, respectively. The angle-
domain sparsity property of the BDCM can be observed, which
helps reduce the complexity of the GBSM and improve the math-
ematical tractability. Typical statistical properties of the proposed
GBSM and BDCM are derived and compared. The effects of the
spherical wavefront on space-time-frequency correlation functions
(STF-CFs) and channel capacity are also studied for the proposed
GBSM and BDCM. The power leakage of the BDCM caused by the
spherical wavefront and visible region (VR) is thoroughly analyzed.
It is found that the statistical properties of the GBSM and BDCM
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fit well and are considerably influenced by the spherical wavefront
and VRs

Index Terms—6G, BDCM, GBSM, massive MIMO, THz band.

I. INTRODUCTION

W ITH the commercialization of the fifth generation (5G)
mobile communications, the sixth generation (6G) has

become a hot research field around the world [1], [2], [3],
[4], [5]. The goal of 6G is to establish an ubiquitous mobile
communication network with integrated communication, com-
puting, sensing, and intelligence, so as to realize high-speed
broadband communication with global coverage. The 6G vision
is reaching a general consensus in the world [1], including
global coverage, all spectra, full applications, and endogenous
network security. In order to support the ultra-high data rate of
6G communications, higher frequency bands up to mmWave [6],
[7], [8] and THz [9], [10], [11] need to be employed. The THz
wireless communication system has a larger channel capacity
due to the larger bandwidth compared with traditional bands.
However, THz technologies are not widely used in 5G commu-
nications due to the high-cost of their devices. Recently, with the
development of THz devices, THz transmission has been one of
the key technologies for 6G.

Channel characterization and modeling are the foundations
of system design, theoretical analysis, performance evaluation,
and wireless systems optimization. Channel measurements and
modeling for 5G wireless communication have been compre-
hensively surveyed [12]. However, the propagation channels of
the THz waves have different characteristics compared with
5G scenarios due to their high frequency and short wave-
length. The propagation characteristics of THz channels have
been well investigated, such as high path loss [13], [14], [15],
blockage effect [16], atmospheric attenuation [17], [18], and
frequency domain non-stationarity [19]. THz indoor channel
measurements were conducted in [13], where the path losses
in different directions were evaluated to show the angular power
spectral density (PSD). In [14], the frequency-dependence and
distance-dependence were modeled based on channel measure-
ments. Channel measurements and path loss characterization
were conducted in indoor scenarios at 140 GHz and 220 GHz
in [15]. The blockage effect was studied and proved to have a
profound impact on the signal-to-interference-plus-noise ratio
(SINR) [16]. In [17], authors developed an atmospheric attenu-
ation prediction method between 0.1 THz and 100 THz. In [18],
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the authors developed a unified molecular absorption model
based on the line-by-line integration method, and an in-depth
analysis on the THz absorption was carried out based on the
developed propagation model. The non-stationarity caused by
large bandwidth was studied in [19]. In addition, the diffuse
scattering in THz band was investigated in [20], [21], [22]. The
channel measurements [21] and theoretical analysis [22] showed
that the diffuse scattering is indispensable in THz channel
modeling.

Because of the unique channel characteristics, traditional
channel models cannot support the THz frequency band. The
standard channel models proposed by the third generation part-
nership project (3GPP) [23] and the International Telecommu-
nication Union (ITU) [24] can only support frequencies up to
100 GHz. Researchers have conducted in-depth studies on THz
channel modeling and proposed many THz channel models. For
example, in [25], the authors proposed a stochastic 300 GHz
indoor channel model. This channel model considered ampli-
tude, phase, and spatial channel information and was verified
by ray tracing simulation in an office environment. In [26], the
authors investigated spatial and temporal channel properties at
300 GHz in an indoor environment. The root mean squared
(RMS) angular and delay spreads were determined by ray tracing
simulation. In [27], a multi-ray propagation model incorporating
the line-of-sight (LoS), reflected, scattered, and diffracted paths
was proposed and validated by the experimental measurements.
In [28], a hybrid modeling approach which combines the de-
terministic and stochastic modeling methods was proposed.
This channel model considered three propagation mechanisms,
including LoS, reflection, and scattering.

On the other hand, in recent years, multiple-input multiple-
output (MIMO) technology has been utilized in THz research to
compensate for the high path loss [29], [30], [31], [32], [33]. The
scale of MIMO will expand to ultra-massive MIMO in 6G [34],
[35], [36]. The increase of antenna size will also produce many
unique channel characteristics, such as spherical wavefront and
spatial non-stationarity. From the perspective of large antenna
arrays, the boundary of near- and far-fields is defined as the
Rayleigh distance calculated by R = 2 L2

λ
, where L represents

the dimension of the array and λ is the wavelength. With the
increase of array size, the Rayleigh distance increases greatly
at the same frequency, and the distance between scatterers and
the antenna array no longer meets the far-field condition. In this
case, the spherical wavefront needs to be considered. In addition,
different scatterers may be observed by different elements of
the array, which will cause the spatial non-stationarity along
the array axis. MIMO channel models have evolved with the
continuous development of MIMO technology [23], [24], [37],
[38], [39], [40]. MIMO channel characteristics and channel mod-
els have been extensively studied. So far, the most widely used
3GPP TR 38.901 [23] channel model supported massive MIMO.
It gave the detailed channel parameters of various scenarios.
However, it can only support frequency bands below 100 GHz.
In [38], the authors proposed the ultra-massive MIMO channel
model for THz band considering space-time-frequency (STF)
non-stationarity. In [39], the authors proposed a general three
dimensional (3D) non-stationary wireless channel model for 5G

and beyond. It presented a general modeling framework that can
include a variety of simplified channel models as special cases.
In [40], a more pervasive 6G channel model for all frequency
bands and all scenarios was proposed. This channel model could
be simplified to typical 5G channel models by flexible parameter
adjustments.

Apart from the geometry based stochastic model (GBSM),
MIMO channel can be characterized by dividing beams at the
transmitter (Tx) side and receiver (Rx) side. This is called
the beam domain channel model (BDCM) [44], [45], [46]. By
sampling the propagation environment in the spatial domain,
BDCMs characterize the power coupling between transmit and
receive beams. Compared with the traditional GBSM, BDCM
has the advantage that the channel transmission matrix is sparse
in the delay-angular domain at mmWave and THz bands [47].
This allows some algorithms, such as compressed sensing [48],
to reduce the complexity of system optimization or performance
evaluation. The BDCM also provides an easier way of beam-
forming for potential applications of THz technologies, such as
ultra-massive MIMO [34], [35] and reconfigurable intelligent
surfaces (RIS) [41], [42], [43]. An intermediate virtual channel
representation method was proposed in [44]. It captured the
essence of physical modeling and provided a simple geometric
explanation of the scattering environment. In [45], the authors
studied a fully correlated channel matrix and provided a BDCM,
where the channel gains are independent of sub-carriers. Based
on this BDCM, a beam division multiple access (BDMA)
transmission scheme was proposed. In [46], the authors intro-
duced a physically motivated BDCM and proposed BDMA with
per-beam synchronization in time and frequency domains for
wideband massive MIMO transmission.

However, the BDCMs in the literature assumed that all the
scatterers are located in far-field regions. The spherical wave-
front was only studied in GBSMs, but how to describe the
spherical wavefront and birth-death process in BDCMs remains
a challenge. Recently, several BDCMs for B5G massive MIMO
were proposed in [49], [50]. These BDCMs consider spherical
wavefront but could not support THz band. To fill these gaps, in
this paper, a novel 3D THz BDCM considering the spherical
wavefront and partly visible clusters is proposed. Compared
with the GBSM for THz massive MIMO channels in [38],
our new BDCM simplifies the complexity of the GBSM by
having a sparse channel matrix. Different from the BDCMs
in [44], [45], [46], our new BDCM can support specific 6G THz
massive MIMO channel characteristics. The main contributions
and novelties of this paper are as follows.

1) A general GBSM considering THz scattering and reflect-
ing characteristics is proposed for 6G THz massive MIMO
wireless communication systems. The spherical wavefront
and spatial non-stationarity of THz massive MIMO chan-
nels are characterized by calculating steering vectors for
near-field clusters and partly visible clusters, respectively.

2) Then, a THz massive MIMO BDCM is proposed from
the the GBSM by using a Fourier transform matrix
from the spatial domain to angle domain. It is the first
BDCM considering both spherical wavefront and spatial
non-stationarity characteristics for THz massive MIMO
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Fig. 1. Diagram of the scattering propagation.

communications. The BDCM shows evident sparsity
properties in the angle domain, which will help to reduce
the complexity of the GBSM and improve the mathemat-
ical tractability.

3) The statistical properties of the proposed GBSM and
BDCM are derived, simulated, and compared, such as the
space-time-frequency correlation functions (STF-CFs)
and channel capacities. The derivation and simulation
results show good agreement between these two channel
models. In addition, The power leakage of the BDCM
is also analyzed. It is found that the near-field spherical
wavefront and VRs have great impact on the statistical
properties of the proposed GBSM and BDCM.

The remainder of this paper is organized as follows. In Sec-
tion II, the THz GBSM is described in details. Different steering
vectors for three types of clusters are derived. In Section III,
the THz BDCM is proposed based on the GBSM. The statisti-
cal properties of the proposed GBSM and BDCM are derived
in Section IV. In Section V, different statistical properties of
the BDCM are simulated and compared with GBSM. Finally,
conclusions are drawn in Section VI.

II. A GENERAL 3D NON-STATIONARY THZ GBSM

The diagram of a THz wireless communication system is
shown in Fig. 1. At the base station (BS) side, the transmitter
(Tx) employs a large-scale uniform planar array (UPA). At the
user side, the receiver (Rx) is also equipped with UPA, but the
antenna number is smaller. Without loss of generality, the large
UPA at Tx is aligned on the x-z plane and has a dimension
of P = Ph × Pv. The UPA at Rx is aligned on the x-z plane
and has a dimension of Q = Qh ×Qv , where Ph (Qh) and
Pv (Qv) are the numbers of antenna elements in horizontal
and vertical dimensions at Tx (Rx), respectively. Note that
the pth Tx antenna element is located at the phth row and
pvth column. They have the relationship p = (ph − 1)Pv + pv .
At Rx side, we have q = (qh − 1)Qv + qv , where the qth Tx
antenna element is located at the qhth row and qvth column.
The spacings between adjacent elements at Tx and Rx are
denoted as δT and δR, respectively. The main parameters are
defined in Table I. Note that, in the global coordinate system,
the antenna position of Rx can be transmitted into the x-z
plane by using the coordinate transformation method discussed
in [23].

Fig. 2. Multi-bounce scattering propagation.

Considering the large aperture size of the array, clusters in
massive MIMO channels can be classified as far-field clusters
and near-field clusters. Birth-death process along the array and
visible region are two methods to capture the non-stationarity.
In this paper, these clusters are also classified as wholly visible
clusters and partly visible clusters. The far-field clusters are
normally far from the antenna array and considered as wholly
visible clusters. In order to distinguish wholly/partly visible
clusters from far/near-field, in this paper, we classify all clusters
into three types, i.e., far-field wholly visible (FWV) clusters,
near-field wholly visible (NWV) clusters, and near-field partly
visible (NPV) clusters. As shown in Fig. 2, the clusters whose
distances to the array are larger than the Rayleigh distance are
considered as FWV. The clusters located in the near-field region
but visible to all antenna elements are called NWV. Also, the
clusters located in the near-field region but only visible to part
of antenna elements are considered as NPV. Considering the
actual application scenario, we assume that the large UPA is
only equipped at Tx, so that the spherical wavefront and partly
visible analysis are not considered at the Rx side. Thus, the CTF
from the pth transmit antenna to the qth receive antenna can be
expressed as

hp,q(t, f) = hFWV
p,q (t, f) + hNWV

p,q (t, f) + hNPV
p,q (t, f) (1)

where hFWV
p,q (t, f), hNWV

p,q (t, f), and hNPV
p,q (t, f) are the FWV,

NWV, and NPV components, respectively. They are given by

hFWV
p,q (t, f) =

∑
n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

· ψT,FWV
p

(
φaz
mn
, φel
mn

) · ψR
q

(
ϕaz
mn
, ϕel

mn

)
(2)
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TABLE I
DEFINITIONS OF MAIN PARAMETERS FOR THE PROPOSED THZ CHANNEL MODEL

hNWV
p,q (t, f) =

∑
n∈BNWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

· ψT,NWV
p

(
φaz
mn
, φel
mn

) · ψR
q

(
ϕaz
mn
, ϕel

mn

)
(3)

hNPV
p,q (t, f)

=
∑
n∈BNPV

Mn∑
m=1

βmn
· ξpq,nm · ej[2π(νmn t−fτmn )+Φmn ]

· ψT,NPV
p

(
φaz
mn
, φel
mn

) · ψR
q

(
ϕaz
mn
, ϕel

mn

)
(4)

where n and m are the cluster and ray indices, respectively.
BFWV, BNWV, and BNPV denote index sets of FWV clusters,
NWV clusters, and NPV clusters, respectively. The category
of a cluster can be distinguished by its index n. For all three
types of clusters, the total number of rays in the nth cluster is

denoted asMn. The path gain is defined as βmn
=
√

KR

KR+1 for

n = 0 and βmn
=
√

Pn,m

KR+1 for n = 1,...,N , whereKR denotes
the Rician factor, and Pn,m represents power of the mth ray
in the nth cluster. For NPV clusters in (4), the channel gain
is modified by path visibility factor ξpq,nm. The Doppler fre-
quency is calculated by νmn

= fm · cos(ϕel
mn

) cos(ϕaz
mn

− α)
where fm = v/λ. Furthermore, τmn

and Φmn
account for de-

lay and random phase, respectively. The generation method of
parameters was introduced in [38], including the delay, phase,
and power of each ray. This method considered THz unique
propagation mechanisms, including limited order of reflections
and non-ignorable diffuse scattering. Different from the channel
transmission matrix in [38], this work classifies all the clusters
into three categories and calculate the steering vector for antenna
arrays of each in this paper. The mathematical expression of
channel transmission function in this paper is more suitable to be
transformed to the beam domain. In addition to the spatial non-
stationarity caused by massive MIMO, the channel model [38]
also considers the time domain non-stationarity caused by long
traveling path and the frequency domain non-stationarity. There-
fore, by using the same generating and updating methods of
channel parameters, the GBSM and BDCM in this paper have
the ability to support vehicular applications including the high-
speed propagation scenarios. In (2)–(4), the phase differences
of antenna elements at Tx side for three types of clusters are
different and denotes as ψT,FWV, ψT,NWV, and ψT,NPV. The
phase difference at Rx side is denoted as ψR and calculated by

ψR
q (ϕ

az
mn
, ϕel

mn
)

= ej
2π
λ [(qh−1)δT cosϕel

mn sinϕaz
mn+(qv−1)δT sinϕel

mn ]. (5)

For FWV clusters, the angles of departure for all antenna
elements are the same. The phase difference of pth element can
be calculated by

ψT,NWV
p

(
φaz
mn
, φel
mn

)
= ej

2π
λ [(ph−1)δT cosφel

mn sinφaz
mn+(pv−1)δT sinφel

mn ]. (6)

For NWV and NPV clusters, we calculate the phase difference
based on the spherical wavefront to obtain the steering vector,
and then, we introduce use ray visibility matrix to modify the
influence of VRs.We define ρn as the ratio of the distance from
the cluster to the reference antenna and the Rayleigh distance.
It can be calculated by

ρn =
dT
n

R
=

dT
nλ

2(P 2
h + P 2

v )δ
T2 (7)

where dT
n is the the distance from the cluster to the reference

antenna,dn = 2ρn(P 2
h + P 2

v )δ
T2
/λ. The phase difference ofpth

element of NWV and NPV clusters can be calculated by

ψT,NWV/NPV
p

(
φaz
mn,phpv

, φel
mn,phpv

)
= ej

2π
λ [(ph−1)δT cosφel

mn,phpv sinφaz
mn,phpv+(pv−1)δT sinφel

mn,phpv ]

(8)

where φel/az
mn,phpv

accounts for the elevation/azimuth angles from
the phth row and pvth column element to the mth ray in the nth
cluster. Due to the spherical wavefront caused by large-scale
antenna array, the angle of scatterers in the near-field range seen
by each antenna element is different. The angles φel

mn,phpv
and

φaz
mn,phpv

can be calculated by dmn
, φel

mn
, and φaz

mn
as

cosφel
mn,phpv

sinφaz
mn,phpv

=
dmn cosφel

mn sinφaz
mn√

a2+b2+d2
mn−2bdmn cosφel

mn cosφaz
mn−2admn sinφel

mn

(9)

sinφel
mn,phpv

=
−a+dmn sinφel

mn√
a2+b2+d2

mn−2bdmn cosφel
mn cosφaz

mn−2admn sinφel
mn

(10)

where a = (pv − 1)δT and b = (ph − 1)δT. The detailed deriva-
tions of (9) and (10) are shown in Appendix A.

For the convenience of analyzing transmission problems, the
CTF is written as a P ×Q matrix, i.e.,

H(t, f) = HFWV(t, f) +HNWV(t, f) +HNPV(t, f) (11)

with

HFWV(t, f) =
∑

n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]
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V
(
ϕaz
mn
, ϕel

mn

)
U
(
φaz
mn
, φel
mn

)
(12)

HNWV(t, f) =
∑

n∈BNWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

V
(
ϕaz
mn
, ϕel

mn

)
UN

(
φaz
mn
, φel
mn

)
(13)

HNPV(t, f) =
∑
n∈BNPV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

V
(
ϕaz
mn
, ϕel

mn

)
ÛN

(
φaz
mn
, φel
mn

)
(14)

where U(φaz
mn
, φel
mn

) and V(ϕaz
mn
, ϕel

mn
) can be expressed by

U
(
φaz
mn
, φel
mn

)
=
[
b
(
θel
mn

)⊗ a
(
θaz
mn

)]T
(15)

V
(
ϕaz
mn
, ϕel

mn

)
=
[
b
(
ϑel
mn

)⊗ a
(
ϑaz
mn

)]T
(16)

a (θ) =
[
1, ej2πθ, . . . , ej2π(Ph−1)θ

]T
(17)

b (θ) =
[
1, ej2πθ, . . . , ej2π(Pv−1)θ

]T
(18)

where a(θ) and b(θ) are steering vectors in azimuth and
elevation, respectively. The elevation and azimuth directions
associate with the mth ray in the nth cluster at Tx side
θel
mn

= 0.5 sinφel
mn

and θaz
mn

= 0.5 cosφel
mn

sinφaz
mn

. At Rx
side, ϑel

mn
= 0.5 sinϕel

mn
and ϑaz

mn
= 0.5 cosϕel

mn
sinϕaz

mn
.

For near-field clusters, the steering vector UN(φaz
mn
, φel
mn

)
cannot be calculated by the Kronecker product of hor-
izontal and vertical steering vectors directly. It is be-
cause the phase difference of the pth element is affected
by the horizontal and vertical index simultaneously. The
phase difference of the pth element can be written as
ej2π[(pv−1) sinφel

mn,phpv+(ph−1) cosφel
mn,phpv sinφaz

mn,phpv ].
To solve this problem, we need a reasonable approxima-

tion without losing the characteristics of spherical wave. The
simplified and approximated cosφel

mn,phpv
sinφaz

mn,phpv
and

sinφel
mn,phpv

are calculated as

cosφel
mn,phpv

sinφaz
mn,phpv

≈ dmn
cosφel

mn
sinφaz

mn

dmn
− b

=
dmn

cosφel
mn

sinφaz
mn

dmn
− (pv − 1)δT

(19)

sinφel
mn,phpv

≈ −a+ dmn
sinφel

mn

dmn
− a

=
−(ph − 1)δT + dmn

sinφel
mn

dmn
− (ph − 1)δT

.

(20)

The necessary condition for the approximations is that the
distance from the cluster to the array dmn

is much larger than
a and b. This condition is satisfied when ρn > 0.1. Then, the
steering vector for near-field clusters UN (φaz

mn
, φel
mn

) can be

approximated as

UN

(
φaz
mn
, φel
mn

) ≈ [
bN

(
θel
mn
, ρn

)⊗ aN
(
θaz
mn
, ρn

)]T
(21)

where

aN (θ, ρ) =

[
1, ej2π d·θ

d−δT , . . . , e
j2π

d·(Ph−1)θ
d−(Ph−1)δT

]T

(22)

bN (θ, ρ) =

[
1, ej2π −δT+d·θ

d−δT , . . . , e
j2π

(−(Pv−1)δT+d·θ)(Pv−1)

d−(Pv−1)δT

]T
(23)

with d = 2[(PhδT)2 + (Pvδ
T)2)] · ρ/λ. aN (θ, ρ) and bN (θ, ρ)

are the horizontal and vertical steering vectors for near-field
clusters, respectively.

For NPV clusters, the steering vector ÛN (φaz
mn
, φel
mn

) is
modified by ray visibility matrix ξmn

that consists of ξpq,nm.
ÛN (φaz

mn
, φel
mn

) can be written as

ÛN

(
φaz
mn
, φel
mn

)
= UN

(
φaz
mn
, φel
mn

)� ξmn
. (24)

Furthermore, for NPV clusters, when ρn > 0.1 is satisfied, ÛN

can be approximated as

ÛN

(
φaz
mn
, φel
mn

) ≈ [
b̂N

(
θel
mn
, ρn

)⊗ âN
(
θaz
mn
, ρn

)]T
(25)

where

âN (θ, ρ) =

⎡
⎣OIhs,n−1, e

j2π
d·(Ihs,n−1)θ

d−(Ihs,n−1)δT
, . . . ,

e
j2π

d·(Ihe,n−1)θ
d−(Ihe,n−1)δT

,OPh−Ihe,n

⎤
⎦
T

(26)

b̂N (θ, ρ) =

⎡
⎣OIvs,n−1, e

j2π
(−(Ivs,n−1)δT+d·θ)(Ivs,n−1)

d−(Ivs,n−1)δT
, . . . ,

e
j2π

(−(Ive,n−1)δT+d·θ)(Ive,n−1)
d−(Ive,n−1)δT

,OPv−Ive,n

⎤
⎦
T

(27)

with On standing for a row vector with n zeros entries. Symbols
I
h/v
s,n and Ih/ve,n stand for the start and end column/row indices of

the antenna elements in the cluster VR, respectively.
In this GBSM, for each cluster, all rays in the cluster share the

same VR parameters. This means that the VR of ray in the cluster
is no longer modeled separately. The VRs in the array domain is
modeled in two stages. First, the independent length and position
of the cluster VR in the horizontal and vertical directions are
generated. Then, the VR length and position considering spatial
consistency are calculated.

1) Cluster VR Length: The horizontal and vertical dimen-
sions of the VR for the nth cluster Lh/vC,n is defined as

Lh/vC,n =
(
Ih/ve,n − Ih/vs,n

)
· dh/v. (28)
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In general, the VR lengths between different clusters and differ-
ent directions are independent of each other and can be modeled
as exponential distribution, i.e., Lh/vC,n ∼ Exp(λh/vC ), where λ

h/v
C

is the rate parameter of the exponential distribution.
2) Spatially Consistent Cluster VR Positions: Spatially

consistence means that two closely located clusters should have
similar VRs positions. The concept of cluster distance is intro-
duced to measure the distance between two clusters [52]. The
distance between clusters n1 and n2 is calculated as

CDn1n2 =
√

‖CDφ,n1n2‖2 + ‖CDϕ,n1n2‖2 + CD2
τ,n1n2

(29)

where

CDφ/ϕ,n1n2
=

1
2

∣∣∣ΩT/Rn1
− ΩT/Rn2

∣∣∣ (30)

and Ω
T/R
n is angle unit vector of departure/arrival ray of the nth

cluster (n = n1, n2), i.e.,

ΩTn =
[
cosφel

n cosφ
az
n , cosφ

el
n sinφ

az
n , sinφ

el
n

]T
(31)

ΩRn =
[
cosϕel

n cosϕ
az
n , cosϕ

el
n sinϕ

az
n , sinϕ

el
n

]T
(32)

where φel
n, φaz

n , ϕeln , and ϕazn are the mean values of elevation
angle of departure (EAoD), azimuth angle of departure (AAoD),
elevation angle of arrival (EAoA), and azimuth angle of arrival
(AAoA) of the nth cluster, respectively. The delay distance can
be written as

CDτ,n1n2 =
|τn1 − τn2 |
Δτmax

· τstd

Δτmax
(33)

where τn denotes the delay of the nth cluster, Δτmax =
max(τn)−min(τn), τstd is the standard deviation of cluster
delays. Based on CDτ,n1n2 , spatially consistent VR positions
can be generated using the exponential spatial filter method as
follows [53]

Ĩh/vs,n2
=

∑
n2∈BNPV

Îh/vs,n1
· ρ(n1, n2) (34)

whereρ(n1, n2) = e−
CDτ,n1n2

ΔC is the exponential spatial filter and
ΔC is cluster correlation factor controlling the shape of the filter.

Ĩ
h/v
s,n2 =

⌈
Ĩ
h/v
s,k

⌉
and Îh/vs,n1 are correlated and independent start

column/row indices of antennas, respectively.

III. BDCM FOR MASSIVE MIMO SYSTEMS

For environments where scatterers are not so abundant,
BDCM exhibits obvious sparsity, which can be very helpful
to reduce the complexity of system analysis. The BDCM is
generated from the proposed GBSM by using a discrete Fourier
transform (DFT)-based beamforming operation as follows

HB(t, f) = ṼHH(t, f)Ũ∗ (35)

where Ũ and Ṽ are transmitted beamforming matrices at Tx
and Rx side, respectively. The operations (·)H and (·)∗ stand for
conjugate-transpose and conjugate of the matrix, respectively.
For Tx side, Ũ is defined as

Ũ = Ũel ⊗ Ũaz (36)

Ũaz =
1√
Ph

[
a
(
θ̃az
pv

)]
ph=1,...,Ph

∈ C
Ph×Ph (37)

Ũel =
1√
Pv

[
b
(
θ̃el
pv

)]
pv=1,...,Pv

∈ C
Pv×Pv (38)

where the columns of Ũaz and Ũel are steering vectors associated
withPh andPv uniformly spaced spatial frequencies with θ̃az

ph
=

2ph−1
2Ph

− 0.5 and θ̃el
pv

= 2pv−1
2Pv

− 0.5. At Rx side, the transmit

matrix Ṽ is calculated as

Ṽ = Ṽel ⊗ Ṽaz (39)

where

Ṽaz =
1√
Qh

[
a
(
ϑ̃az
qh

)]
qh=1,...,Qh

∈ C
Qh×Qh (40)

Ṽel =
1√
Qv

[
b
(
ϑ̃el
qv

)]
qv=1,...,Qv

∈ C
Qv×Qv (41)

The columns of Ṽaz and Ṽel are steering vectors associated with
Qh and Qv uniformly spaced spatial frequencies with ϑ̃az

qh
=

2qh−1
2Qh

− 0.5 and ϑ̃el
qv

= 2qv−1
2Qv

− 0.5.
The BDCM in (35) can be calculated as

HB(t, f)

= ṼHH(t, f)Ũ∗

= ṼH
[
HFWV(t, f) +HNWV(t, f) +HNPV(t, f)

]
Ũ∗

= ṼHHFWV(t, f)Ũ∗ + ṼHHNWV(t, f)Ũ∗

+ ṼHHFPV(t, f)Ũ∗

= HFWV
B (t, f) +HNWV

B (t, f) +HNPV
B (t, f) (42)

where HFWV
B , HNWV

B (t, f), and HNPV
B (t, f) are the FWV, NWV,

and NPV components of BDCM, respectively. The elements in
HB(t, f) are written asHB,p̃q̃(t, f), where p̃ and q̃ are the beam
indices for Tx and Rx sides, respectively. The beam sampling
is performed in both horizontal and vertical planes at the Tx
side. The horizontal and vertical beams in the beam domain are
similar to the azimuth and elevation angle in the spatial domain,
respectively. The p̃th beam corresponds to the phth AAoD and
pvth EAoD. Similarly, at the Rx side, the q̃th beam corresponds
to the qhth AAoA and qlth EAoA beam. The BDCM element
HB,p̃q̃(t, f) can also be written as HB,pvph,qvqh(t, f) and is
expressed as

hB,pvph,qvqh(t, f) = hFWV
B,pvph,qvqh

(t, f)

+hNWV
B,pvph,qvqh

(t, f)+hNPV
B,pvph,qvqh

(t, f).

(43)

By substituting the Channel matrix of the GBSM into (42) and
(43), the elements of different types of clusters are calculated as

hFWV
B,pvph,qvqh

(t, f)

=
1√
PQ

∑
n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]
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Fig. 3. Normalized absolute values of horizontal sampling of (a) NWV clusters (ρ = 0.8), (b) NWV clusters (ρ = 0.5), (c) NPV clusters (ρ = 0.5, Ive,n = 2,
Ivs,n = 10), and (d) NPV clusters (ρ = 0.08, Iva,n = 2, Ive,n = 10) (Pv = Ph = 32).

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv )
Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)

Pv−1∑
a=0

ej2πa(θel
mn−θ̃el

pv )
Ph−1∑
b=0

ej2πb(θaz
mn−θ̃az

ph
) (44)

hNWV
B,pvph,qvqh

(t, f)

=
1√
PQ

∑
n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv )

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)

Pv−1∑
a=0

e
j2π

(
(a·δT+d·θel

mn)·a
d−a·δT −a·θ̃el

pv

)
Ph−1∑
b=0

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

ph

)

(45)

hNPV
B,pvph,qvqh

(t, f)

=
1√
PQ

∑
n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv )

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)

Ihe,n−1∑
a=Ihs,n−1

e
j2π

(
(a·δT+d·θel

mn)·a
d−a·δT −a·θ̃el

pv

)

×
Ivs,n−1∑
b=Ivs,n−1

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

ph

)
. (46)

From (44)–(46), one can observe that each formula consists
of channel transmission parameters and sampling functions at
both Tx and Rx sides. Each side contains horizontal and vertical
sampling. The detailed derivations of (44)–(46) are shown in
Appendix B.

Fig. 3 shows the normalized absolute values of horizontal
sampling for NWV and NPV clusters in azimuth where Ph =
Pv = 32. The NWV clusters can be observed by the whole 32
antennas and the VR of the NPV clusters cover 8 consecutive
antennas. Fig. 3(a) and (b) present NPV clusters with different
values of ρ. In the near-field case, the angles of departure of
one cluster are quite different when impinging on different
antenna elements. They may cover more than one beam. It can
be seen that wholly visible clusters achieve their peak around
θel
mn

. For near-field clusters, the points of the peak value have an
offset because the clusters are in several beams. Furthermore,
the angle-width of the near-field cluster is much larger than
that of the far-field cluster. This means that, when GBSM is
transformed to beam domain, the near-field clusters will have
multiple continuous nonzero elements. In addition, compared
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with the FWV clusters, the angle-width for the PV cluster is
wider due to the partial visibility. By comparing Fig. 3(c) and
(d), one sees that, when the cluster is closer to the antenna, the
angle-width is wider, which means that the cluster is located in
more beams in the BDCM.

IV. CHANNEL STATISTICAL PROPERTIES OF THE PROPOSED

GBSM AND BDCM

In this section, typical statistical properties of the proposed
GBSM and BDCM are derived, including STF-CF, delay PSD,
delay spread, Doppler PSD, and Doppler spread. In addition,
beam spread and power leakage of the BDCM are calculated.
Furthermore, the channel capacity of the channel with the chan-
nel transfer functions of these two channel models are derived.

A. STF-CF

The STF-CF of the proposed GBSM between hpq(t, f) and
hp′q′(t+Δt, f +Δf) is calculated as

Γpq,p′q′(t, f,Δt,Δf)

= E
{
hFWV
pq (t, f)hFWV *

p′q′ (t+Δt, f +Δf)
}

+ E
{
hNWV
pq (t, f)hNWV *

p′q′ (t+Δt, f +Δf)
}

+ E
{
hNPV
pq (t, f)hNPV *

p′q′ (t+Δt, f +Δf)
}

(47)

where Δt and Δf is the short period and frequency between
two adjacent instants and frequency bands, respectively.

In order to facilitate the distinction, we use Γ to represent
the STF-CF of the GBSM, while the STF-CF of the BDCM
is denoted as γ. The STF-CF of the proposed BDCM be-
tween hB,pvph,qvqh(t, f) and hB,p′vp′h,q′vq′h(t+Δt, f +Δf) is
defined as

γpvph,qvqh,p′vp′h,q′vq′h(t, f,Δt,Δf)

= E

{
hB,pvph,qvqh(t, f)h

∗
B,p′vp′h,q

′
vq

′
h
(t+Δt, f +Δf)

}
.

(48)

The STF-CF can be further shown as a sum of FWV, NWV,
and NPV components

γpvph,qvqh,p′vp′h,q′vq′h(t, f,Δt,Δf)

= γFWV
pvph,qvqh,p′vp′h,q

′
vq

′
h
(t, f,Δt,Δf)

+ γNWV
pvph,qvqh,p′vp′h,q

′
vq

′
h
(t, f,Δt,Δf)

+ γNPV
pvph,qvqh,p′vp′h,q

′
vq

′
h
(t, f,Δt,Δf). (49)

By substituting (44)–(46) into (49), the FWV, NWV, and NPV
components of STF-CF can be further expressed as

γFWV
pvph,qvqh,p′vp′h,q

′
vq

′
h
(t, f,Δt,Δf)

= E

{
hFWV
B,pvph,qvqh

(t, f)hFWV∗
B,p′vp′h,q

′
vq

′
h
(t+Δt, f +Δf)

}

= E

{
1
PQ

∑
n∈BFWV

Mn∑
m=1

β2
mn

· ej[2π(Δfτmn−νmnΔt)]

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv )
Qv−1∑
α=0

e
j2πα

(
ϑel
mn−ϑ̃el

q′v

)

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)
Qh−1∑
β=0

e
j2πβ

(
ϑaz
mn−ϑ̃az

q′
h

)

×
Pv−1∑
a=0

ej2πa(θel
mn−θ̃el

pv )

Pv−1∑
a=0

e
j2πa

(
θel
mn−θ̃el

p′v

)
Ph−1∑
b=0

ej2πb(θaz
mn−θ̃az

ph
)

×
Ph−1∑
b=0

e
j2πb

(
θaz
mn−θ̃az

p′
h

)}
(50)

γNWV
pvph,qvqh,p′vp′h,q

′
vq

′
h
(t, f,Δt,Δf)

= E

{
hNWV
B,pvph,qvqh

(t, f)hNWV∗
B,p′vp′h,q

′
vq

′
h
(t+Δt, f +Δf)

}

= E

{
1
PQ

∑
n∈BNWV

Mn∑
m=1

β2
mn

· ej[2π(Δfτmn−νmnΔt)]

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv )
Qv−1∑
α=0

e
j2πα

(
ϑel
mn−ϑ̃el

q′v

)

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)
Qh−1∑
β=0

e
j2πβ

(
ϑaz
mn−ϑ̃az

q′
h

)

Pv−1∑
a=0

e
j2π

(
(a·δT+d·θ)·a

d−a·δT −a·θ̃el
pv

)
Pv−1∑
a=0

e
j2π

(
(a·δT+d·θ)·a

d−a·δT −a·θ̃el
p′v

)

Ph−1∑
b=0

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

ph

)
Ph−1∑
b=0

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

p′
h

)}

(51)

γNWV
pvph,qvqh,p′vp′h,q

′
vq

′
h
(t, f,Δt,Δf)

= E

{
hNWV
B,pvph,qvqh

(t, f)hNWV∗
B,p′vp′h,q

′
vq

′
h
(t+Δt, f +Δf)

}

= E

{
1
PQ

∑
n∈BNWV

Mn∑
m=1

β2
mn

· ej[2π(Δfτmn−νmnΔt)]

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv )
Qv−1∑
α=0

e
j2πα

(
ϑel
mn−ϑ̃el

q′v
]

)

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)
Qh−1∑
β=0

e
j2πβ

(
ϑaz
mn−ϑ̃az

q′
h

)

Ihe,n−1∑
a=Ihs,n−1

e
j2π

(
(a·δT+d·θ)·a

d−a·δT −a·θ̃el
pv

)

Ihe,n−1∑
a=Ihs,n−1

e
j2π

(
(a·δT+d·θ)·a

d−a·δT −a·θ̃el
p′v

)
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Ivs,n−1∑
b=Ivs,n−1

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

pv

) Ivs,n−1∑
b=Ivs,n−1

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

p′
h

)⎫⎬
⎭ .

(52)

B. Delay PSD and Delay Spread

The delay PSD gives the distribution of signal power re-
ceived over a multipath channel as a function of propagation
delays. In the proposed BDCM, the delay PSD ψ(t, τ) can be
calculated by the Fourier transform of the frequency correlation
function as

ψ(t, τ) =

∫ ∞

−∞
γpvph,qvqh(t, f,Δf)e

j2πτΔfdΔf. (53)

The delay spread στ of the channel is calculated by

στ =

√∫∞
0 (τ − μτ )

2 ψ(t, τ)dτ∫∞
0 ψ(t, τ)dτ

(54)

where μτ =
∫ ∞

0 τψ(t,τ)dτ∫ ∞
0 ψ(t,τ)dτ

is the mean delay of the channel. The

delay PSD of the proposed BDCM can be calculated by replacing
γpvph,qvqh(t, f,Δf) in (53) with Γpq(t, f,Δf).

C. Doppler PSD and Doppler Spread

The Doppler PSD gives the average power at the channel
output as a function of the Doppler frequency. In the proposed
BDCM, the Doppler PSD ψD(t, f, ν) can be calculated by the
Fourier transform of the temporal ACF as

ψD(t, f, ν) =

∫ ∞

−∞
γpvph,qvqh(t, f,Δt)e

j2πνΔtdΔt. (55)

The Doppler spread σν of the channel is calculated by

σν(t, f) =

√∫∞
0 (ν − μν)

2 ψD(t, f, ν)dν∫∞
0 ψD(t, f, ν)dτ

(56)

where μν =
∫ ∞

0 νψD(t,f,ν)dτ∫ ∞
0 ψD(t,f,ν)dτ

is the mean Doppler frequency of

the BDCM.

D. RMS Beam Spread

The beam spread describes the power dispersion of the beam
domain channel over different beam directions. Similar to the
RMS angular spread, the RMS azimuth beam spread can be
defined as

σaz
B =

√√√√√∑Ph,Pv

pv,ph=1 |hB,pvph |2
(
φ̃az
ph

− μaz
)2

∑Ph,Pv

pv,ph=1 |hB,pvph |2
(57)

where μaz =
∑Ph,Pv

pv,ph=1 |hB,pvph
|(φ̃az

ph
−μaz)∑Ph,Pv

pv,ph=1 |hB,pvph
|2 is the mean beam az-

imuth angle of the BDCM.

E. Power Leakage

In the BDCM, the power of some rays will inevitably be
spread over a series of beam directions, which is called power

leakage [54]. Power leakage is a major concern in massive
MIMO communication systems. Power leakage in the beam
domain may result in a significant degradation in the signal-
to-noise ratio and the transmission rate [55]. The ratio of power
leakage provides the motivation for linear precoder designs and
channel estimation algorithms. In the traditional BDCM, the
power leakage is caused by the mismatch between physical path
angles and the spatial frequency sampling points [55]. However,
existing researches have ignored the effects of near-field clusters
and partly visible clusters, which reduces the accuracy of the
channel model for evaluating massive MIMO systems. The
power leakage for NWV and NPV clusters can be defined as

ΓNWV = 1 −
∑
ph∈U(θaz

ph
,Kh),pv∈U(θelpv ,Kv)

∣∣hNWV
B,pvph,qvqh

∣∣2
∑Pv,Ph

pv,ph=1

∣∣∣hNWV
B,pvph,qvqh

∣∣∣2
(58)

ΓNPV = 1 −
∑
ph∈U(θaz

ph
,Kh),pv∈U(θelpv ,Kv)

∣∣hNPV
B,pvph,qvqh

∣∣2
∑Pv,Ph

pv,ph=1

∣∣∣hNPV
B,pvph,qvqh

∣∣∣2
(59)

where U(θazph ,Kh) and U(θelpv ,Kv) are column and row index
sets for a Kh ×Kv sub-matrix centering around the physical
direction of the cluster. Therefore, the power leakage in (58) and
(59) is actually measured by calculating the ratio of the power
of the Kh ×Kv sub-matrix around the main lobe direction to
the total channel power.

F. Channel Capacity

The channel capacity is defined to be the highest rate at which
information can be sent with arbitrarily low error. When Rx
knows the perfect channel state information (CSI) and the Tx
does not have CSI, the ergodic channel capacity of the proposed
BDCM can be calculated as

C = E

{
log2 det

(
I+

ρSNR

P
H̄H̄H

)}
(60)

where ρSNR is the signal-to-noise ratio (SNR) and P is the total
number of Tx array, H̄ is the normalized channel matrix, which
can be obtained by

H̄ = H ·
{

1
PQ

‖H‖F
}− 1

2

(61)

where H is the channel transfer matrix and ‖·‖F calculates
the Frobenius norm of a matrix. The analytical expressions of
channel capacities of the GBSM and BDCM can be obtained
by substituting H(t, f) in (11) and HB(t, f) in (35) into (60),
respectively. Considering the large bandwidth at the THz band,
frequency-dependent parameters are generated by evolution in
the frequency domain, which is introduced in [38]. Therefore,
the channel capacity is frequency-dependent. The GBSM and the
BDCM reflect the same physical environment in the spatial and
beam domain, respectively. Thus, they have the same theoretical
channel capacity.
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Fig. 4. Illustrations of the beam pattern for a single NPV cluster (a) beam pattern (ρ = 0.5, Ivs,n = 1, Ive,n = 20), (b) normalized amplitude distribution
(ρ = 0.5, Ivs,n = 1, Ive,n = 20), (c) beam pattern (ρ = 0.1, Ivs,n = 10, Ive,n = 20), and (d) normalized amplitude distribution (ρ = 0.1, Ivs,n = 10, Ive,n = 20).

V. RESULTS AND ANALYSIS

In this section, to validate the performance of proposed THz
BDCM, the statistical properties of the THz BDCM are sim-
ulated and discussed. The frequency of the system is chosen
at 300 GHz. Both δT and δR equal to half of the wavelength
at 300 GHz. Basic simulation parameters for a typical THz
indoor scenario are set as follows. Considering the high re-
flection loss [22], the total number of clusters is assumed as
10, which consists of 2 FWV clusters, 2 NWV clusters, and
6 NPV clusters. The parameters for the GBSM are generated
in [38], including the delay, phase, and power of each ray. We can
generate the complete CIR of the proposed GBSM and BDCM
using these channel parameters and antenna configuration. Then,
the statistical properties are simulated by using equations derived
in Section IV. The velocity of Rx is vR = 0.6 m/s in the horizontal
plane and the moving direction is π

3 . The velocity of Tx is vT =
0 m/s.

In order to understand the significance of power leakage
more intuitively, the beam pattern and normalized amplitude
distribution of a single NPV cluster are presented in Fig. 4. One
cluster mainly focus at one horizontal and vertical beam, which

proves the sparsity of BDCM. The sparsity of the BDCM is
helpful in reducing the overhead of signal estimation complex-
ity at transceivers [45], [46]. The power leakage in the same
horizontal or vertical angle can also be observed. By comparing
Fig. 4(a) and (c), we can see that the ρ and the VR length have
great influences on the beam pattern. In Fig. 4(b) and (d), the
amplitudes of 6 × 6 channel elements around the direction are
indicated by red lines. It can be seen that when the scatterer is
closer to the antenna, the spherical wavefront leads to obvious
power leakage. The center of the pattern have a great offset of
the specific AAoD. This is because when the cluster is close to
antenna array, the angles of departure for all elements are not
consistent. In view of the whole antenna array, the angle has a
range. As a result, the cluster can be observed by more beams.
In practice, the offset and power leakage of near-field scatterers
will need to be considered.

In order to better evaluate the influence of different parameters
on power leakage, we compare the power leakage with increased
VR length under different antenna configurations and different
scatterers distances in Fig. 5. From Fig. 5(a), one sees that for the
same antenna configuration, when the VR length increases, the
power leakage decreases. When the VR length is larger than
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Fig. 5. Illustrations of the power leakage with different normalized VR length
in azimuth (a) for different Pv × Ph (ρ = 0.5, φaz

mn
=π/4, φel

mn
=π/4) and

(b) for different ρ (Pv = Ph = 32).

6 elements, the power leakage is reduced slowly. For larger
antenna arrays, the power leakage is higher under the same
VR length, because the visible region accounts for a smaller
proportion of the whole antenna. In Fig. 5(b), different scatterers
distances are compared, the closer scatterer from the antenna
leads to more power leakage.

In order to better evaluate the influence of spherical wavefront
on STF-CF, we simulate the channels with spherical wavefront
in the case of FWV clusters is ignored. When we simulate the
channels with planar wavefront, only FWV is considered. The
ACFs of the GBSM and BDCM are compared in Fig. 6. one
sees that the ACFs of the GBSM and BDCM match well, which
means that the transmission in spatial domain has no influence
on time correlation. In addition, we compare the ACFs with
planar wavefront and spherical wavefront, we can see the small
differences between these two clusters. The correlation of the
scatterers in near-field positions is smaller compared with the
scatterers in far-field areas. This is because the Doppler effect of
closer cluster has larger impact than that of far-field clusters. To
validate the performance of the proposed THz BDCM, the FCFs
of the GBSM and BDCM are simulated in Fig. 7, the FCFs of
the GBSM and BDCM match well. The beam transmission in
spatial domain has no influence on frequency correlation either.
In addition, we also compare the FCFs of channels with planar
and spherical wavefront. We can see the obvious differences
between these two types of clusters. The frequency correlation

Fig. 6. Temporal ACFs of GBSM and BDCM for different clusters
(Pv = Ph = 32, Qv = Qh = 4, fc = 300 GHz, vR = 0.6 m/s, vT = 0,
ρ = 0.5, Ivs,n = 1, Ive,n = 20).

Fig. 7. FCFs of GBSM and BDCM for different clusters (Pv = Ph = 32,
Qv = Qh = 4, fc = 300 GHz, vR = 0.6 m/s, vT = 0, ρ = 0.5, Ivs,n = 1,
Ive,n = 20).

Fig. 8. SCCFs of the BDCM for different clusters (Pv = Ph = 32, Qv =
Qh = 4, fc = 300 GHz, vR = 0.6 m/s, vT = 0, ρ= 0.5, Ivs,n = 1, Ive,n = 20).

of scatterers in near-field regions is higher than that of clusters
in far-field regions.

In Fig. 8, we compare the spatial CCFs of the proposed
BDCM. Here, both horizontal and vertical planes are simulated
with plane or spherical wave. The correlation of different planes
is different because the angular deviation caused by spherical
wavefront is different in horizontal and vertical planes. From
Figs. 6–8, one can obviously observe the influence of spherical
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Fig. 9. Channel capacities of GBSM and BDCM with different Tx antenna
configurations (Qv = Qh = 4, fc = 300 GHz, vR = 0.6 m/s, vT = 0, ρ = 0.5,
Ivs,n = 1, Ive,n = 20).

Fig. 10. Channel capacities of GBSM and BDCM with different ρ (Pv =
Ph = 32, Qv = Qh = 4, fc = 300 GHz, vR = 0.6 m/s, vT = 0, Ivs,n = 1,
Ive,n = 20).

wavefront on correlation functions in space, time, and frequency
domains, which shows that the spherical effect cannot be ne-
glected for an accurate channel model.

Fig. 9 compares channel capacities of different Tx antenna
configurations with SNR from -20 dB to 20 dB. For massive
MIMO, we can see that the GBSM and BDCM have the same
channel capacities, which proves that the proposed BDCM can
be used in system performance analysis. In Fig. 10, we inves-
tigate the channel capacities with different near-field clusters.
When the scatterers are in the closer positions, the channel
capacity becomes larger.

VI. CONCLUSION

In this paper, a novel 3D THz GBSM and the corresponding
BDCM have been proposed for 6G THz massive MIMO wireless
communication systems. The propagation mechanisms of the
THz band, such as non-negligible diffuse scattering and limited
order of reflection, have been contained. The characteristics of
massive MIMO have also been considered, including the spher-
ical wavefront and spatial non-stationarity. We have divided all
the clusters into three types and derived the corresponding steer-
ing vectors. Moreover, we have simplified the steering vectors
of the GBSM and transformed the GBSM to the BDCM by

Fig. 11. Schematic diagram of geometric relationship in (a) vertical plane and
(b) horizontal plane.

using a Fourier transform matrix in both horizontal and vertical
directions. Statistical properties of the proposed THz GBSM
and BDCM have been derived and investigated. By simulations
and comparisons between STF-CFs and channel capacities of
the GBSM and BDCM, we have found that the statistical prop-
erties of the proposed BDCM match well with those of the
GBSM. The proposed GBSM and BDCM can obviously reflect
the influence of the spherical wavefront and VRs on channel
statistical properties. Spherical wavefront has been proved to
result in higher temporal and frequency correlations than planar
wavefront. In addition, clusters in nearer regions contribute to a
small increase of the channel capacity. Furthermore, the BDCM
exhibits significant sparsity, which is very helpful in reducing
the complexity of the GBSM and improve the mathematical
tractability of THz system design, performance evaluation, and
optimization.

APPENDIX A
DERIVATIONS OF (9) AND (10)

To calculate steering vector for near-field clusters, we need
to select one antenna as the reference antenna to calculate
the distances and angles of all other antennas. Without loss
of generality, we take the element in the first row and the
first column as the reference antenna. The geometric relation-
ship of [dmn

, φel
mn
, φaz
mn

] and [dmn,pvph , φ
el
mn,pvph

, φaz
mn,pvph

] is
shown in Fig. 11. By comparing the distance difference between
dmn

and dmn,pvph in horizontal plane and the vertical plane,
[dmn,pvph , φ

el
mn,pvph

, φaz
mn,pvph

] of all antenna elements can be
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calculated by [dmn
, φel
mn
, φaz
mn

] as

dmn
cosφel

mn
cosφaz

mn
− dmn,pvph cosφ

el
mn,pvph

cosφaz
mn,pvph

= (pv − 1)δT (62)

dmn
sinφel

mn
− dmn,pvph sinφ

el
mn,pvph

= (ph − 1)δT (63)

dmn
cosφel

mn
sinφaz

mn
= dmn,pvph cosφ

el
mn,pvph

sinφaz
mn,pvph

.

(64)

By simultaneous three equations (62)–(64), we get the solution
of dmn,pvph , φel

mn,pvph
, and φaz

mn,pvph
as⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

dmn,pvph

=
√
a2+b2+d2

mn−2bdmn cosφel
mn cosφaz

mn−2admn sinφel
mn

φel
mn,pvph

= arctan

[
−a+dmn sin cosφel

mn√
b2+d2

mn cos2 φel
mn−2bdmn cosφel

mn cosφaz
mn

]
φaz
mn,pvph

= arctan
[

dmn cosφel
mn sinφaz

mn

b−dmn cosφel
mn cosφaz

mn

]
.

(65)

where a = (ph − 1)δT and b = (pv − 1)δT. Then, the expres-
sions of cosφel

mn,pvph
sinφaz

mn,pvph
and sinφel

mn,pvph
can be

obtained in (9) and (10), respectively.

APPENDIX B
DERIVATIONS OF (44)–(46)

The CTF of BDCM HB(t, f) is calculated by the Fourier
transformation from the CTF of GBSM H(t, f) as

HB(t, f) = ṼHH(t, f)Ũ∗

=
[
Ṽel ⊗ Ṽaz

]H
H(t, f)

[
Ũel ⊗ Ũaz

]∗
=
[
Ṽel ⊗ Ṽaz

]H (
HFWV(t, f) +HNWV(t, f)

+HNPV(t, f)
) [

Ũel ⊗ Ũaz
]∗
. (66)

By substituting (12), (13), and (14) into (66), the transmission
matrix of three kinds of clusters can be calculated as

HFWV
B (t, f) =

[
Ṽel ⊗ Ṽaz

]H
HFWV(t, f)

[
Ũel ⊗ Ũaz

]∗

=
[
Ṽel ⊗ Ṽaz

]H [ ∑
n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

V#
(
ϕaz
mn
, ϕel

mn

)
U#

(
φaz
mn
, φel
mn

)] [
Ũel ⊗ Ũaz

]∗

=
∑

n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

[
Ṽel ⊗ Ṽaz

]H
[
b
(
ϑel
mn

)⊗ a
(
ϑaz
mn

)] [
b
(
θel
mn

)⊗ a
(
θaz
mn

)]T [
Ũel ⊗ Ũaz

]∗

=
∑

n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

[(
Ṽel

)H

b
(
ϑel
mn

)⊗ (
Ṽaz

)H

a
(
ϑaz
mn

)]

[
bT

(
θel
mn

)
Ũel* ⊗ aT

(
θaz
mn

)
Ũaz*

]
(67)

HNWV
B (t, f) =

[
Ṽel ⊗ Ṽaz

]H
HNWV(t, f)

[
Ũel ⊗ Ũaz

]∗

=
[
Ṽel ⊗ Ṽaz

]H [ ∑
n∈BNWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

V#
(
ϕaz
mn
, ϕel

mn

)
U#
N

(
φaz
mn
, φel
mn

)] [
Ũel ⊗ Ũaz

]∗

=
∑

n∈BNWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

[
Ṽel ⊗ Ṽaz

]H
[
b
(
ϑel
mn

)⊗ a
(
ϑaz
mn

)] [
bN

(
θel
mn

)⊗ aN
(
θaz
mn

)]T
×
[
Ũel ⊗ Ũaz

]∗

=
∑

n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

[
(Ṽel)Hb

(
ϑel
mn

)⊗ (Ṽaz)Ha
(
ϑaz
mn

)]
[
bT
N

(
θel
mn

)
Ũel* ⊗ aTN

(
θaz
mn

)
Ũaz*

]
(68)

HNPV
B (t, f) =

[
Ṽel ⊗ Ṽaz

]H
HNPV(t, f)

[
Ũel ⊗ Ũaz

]∗

=
[
Ṽel ⊗ Ṽaz

]H [ ∑
n∈BNPV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

V#
(
ϕaz
mn
, ϕel

mn

)
Û#
N

(
φaz
mn
, φel
mn

) ] [
Ũel ⊗ Ũaz

]∗

=
∑

n∈BNWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

[
Ṽel ⊗ Ṽaz

]H
[
b
(
ϑel
mn

)⊗ a
(
ϑaz
mn

)] [
b̂N

(
θel
mn

)⊗ âN
(
θaz
mn

)]T
×
[
Ũel ⊗ Ũaz

]∗

=
∑

n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

[
(Ṽel)Hb

(
ϑel
mn

)⊗ (Ṽaz)Ha
(
ϑaz
mn

)]
[
b̂T
N

(
θel
mn

)
Ũel* ⊗ âTN

(
θaz
mn

)
Ũaz*

]
. (69)

The elements inHFWV
B (t, f),HNWV

B (t, f), andHNPV
B (t, f) are

calculated by

hFWV
B,pvph,qvqh

(t, f) =
∑

n∈BFWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

1√
Qv

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv ) 1√
Qh

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)
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1√
Pv

Pv−1∑
a=0

ej2πa(θel
mn−θ̃el

pv ) 1√
Ph

Ph−1∑
b=0

ej2πb(θaz
mn−θ̃az

ph
) (70)

hNWV
B,pvph,qvqh

(t, f) =
∑

n∈BNWV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

1√
Qv

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv ) 1√
Qh

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)

1√
Pv

Pv−1∑
a=0

e
j2π

(
(a·δT+d·θ)·a

d−a·δT −a·θ̃el
pv

)
1√
Ph

Ph−1∑
b=0

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

ph

)
(71)

hNPV
B,pvph,qvqh

(t, f) =
∑
n∈BNPV

Mn∑
m=1

βmn
· ej[2π(νmn t−fτmn )+Φmn ]

1√
Qv

Qv−1∑
α=0

ej2πα(ϑel
mn−ϑ̃el

qv ) 1√
Qh

Qh−1∑
β=0

ej2πβ(ϑaz
mn−ϑ̃az

qh
)

1√
Pv

Ihe,n−1∑
a=Ihs,n−1

e
j2π

(
(a·δT+d·θ)·a

d−a·δT −a·θ̃el
pv

)

1√
Ph

Ivs,n−1∑
b=Ivs,n−1

e
j2π

(
d·b·θaz

mn
d−b·δT −b·θ̃az

ph

)
. (72)
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