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Abstract— In this paper, a novel three-dimensional (3D) space-
time-frequency (STF) non-stationary geometry-based stochastic
model (GBSM) is proposed for the sixth generation (6G) tera-
hertz (THz) wireless communication systems. The proposed THz
channel model is very general having the capability to capture
different channel characteristics in multiple THz application sce-
narios such as indoor scenarios, device-to-device (D2D) commu-
nications, ultra-massive multiple-input multiple-output (MIMO)
communications, and long traveling paths of users. Also, the gen-
erality of the proposed channel model is demonstrated by the
fact that it can easily be reduced to different simplified channel
models to fit specific scenarios by properly adjusting model
parameters. The proposed general channel model takes into
consideration the non-stationarities in space, time, and frequency
domains caused by ultra-massive MIMO, long traveling paths,
and large bandwidths of THz communications, respectively.
Statistical properties of the proposed general THz channel model
are investigated. The accuracy and generality of the proposed
channel model are verified by comparing the simulation results
of the relative angle spread and root mean square (RMS) delay
spread with corresponding channel measurements.
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I. INTRODUCTION

THE terahertz (THz) band (0.3–10 THz) is currently being
explored for the sixth generation (6G) wireless commu-

nication systems [1]–[4]. THz band has huge bandwidth to
provide ultra-high transmission data rate in numerous wireless
applications. Some specific applications such as holographic
video conferencing in the indoor room are supported by
terabit wireless local area networks (T-WLAN). Data center
[5] is a brand new scenario where thousands of devices are
connected for cloud computing and storage. The interconnec-
tion of nanoscale machines in THz band strongly supports
the Internet of nano things [6]. In addition, the THz band
can provide ultra-high speed links for intercore communi-
cation in wireless on-chip networks [7] with nano on-chip
antennas. In the THz communication, high transmission and
reflection loss limit the transmission distance and massive
multiple-input multiple-output (MIMO) technology is often
utilized to compensate the transmission loss. In the aim of
designing and evaluating THz communication systems more
efficiently, an accurate and general channel model that can
accurately capture THz propagation characteristics of different
scenarios is essential. However, the existing THz channel
models only focus on specific scenarios.

In THz communication systems, a significant challenge is
the fact that the phenomena of scattering and diffraction are
quite different from lower frequency bands. The THz prop-
agation mechanisms were studied in [8]–[14]. THz measure-
ments of multiple reflection effects on different materials were
introduced in [8], [9]. Due to high reflection loss, high-order
paths were very hard to detect resulting in the limited number
of multipaths in THz band according to the measurement in
[10]. The diffusely scattered propagation played an important
role and was investigated in [11]–[14]. In [11], the detected
signal powers in all directions for different materials were
measured and simulated. Frequency-dependent scattering was
also measured and simulated in [12], [13]. The wavelength
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of THz waves is in the same order with the roughness of
some common materials. From these measurements and sim-
ulations, we found that The proportion of diffusely scattered
rays gradually increased when it comes to higher frequency.
In addition, each specular reflected path is surrounded with
multiple diffusely scattered rays [14].

A number of channel models and measurements were inves-
tigated for indoor THz communications [15]–[21]. In [15],
a multi-path ray tracing channel model for THz indoor com-
munication was presented and validated with experiments.
In [16], a three-dimension (3D) time-variant THz ray tracing
channel model was investigated for dynamic environments.
In [17], a geometry-based stochastic THz indoor channel
model considering the frequency dispersion was presented
and verified by ray tracing. In [18], the authors investigated
root mean square (RMS) delay spread and angular spread
that were modeled by second order polynomial parameters
for THz indoor communications. An indoor channel model
based on ray tracing considering atmospheric attenuation
was proposed in [19]. Antenna arrays were discussed for
indoor THz communication systems in [20]. A wideband
channel measurement for indoor THz wireless links was
conducted between 260 GHz and 400 GHz [21]. Wireless data
center networks in THz band were investigated in the literature
[5], [22]–[25]. In addition, high speed transmission for THz
wireless data center was promised with its large bandwidth
and lower interference [26]–[31]. A stochastic channel model
was proposed for THz data center and simulated in [23], [24].

In THz communication systems, ultra-massive MIMO tech-
nologies employing thousands of antennas are considered as
one of the solutions to compensate the path loss and are
expected to be utilized in 6G [3], [4]. Massive MIMO channel
models and measurements were studied in [32]–[38]. In [32],
a detailed survey of massive MIMO channel models and
measurements were summarized. In [33]–[37], the effect of
spherical wavefront and clusters evolution along the time and
array axis are considered, showing the spatial non-stationarity
in massive MIMO systems. Non-stationary massive MIMO
channels by transformation of delay and angle of arrivals were
studied in [38]. In [39]–[43], millimeter wave (mmWave) band
channel measurements for massive MIMO channels in dif-
ferent scenarios were presented. A novel 3D geometry-based
stochastic model (GBSM) based on homogeneous Poisson
point process was proposed for mmWave channels [41].
A GBSM for mobile-to-mobile scenarios for mmWave bands
was presented in [42].

In general, the existing massive MIMO channel models have
only considered characteristics of sub-6 GHz and mmWave
bands, and are not suitable for THz communication systems
because propagation mechanisms in THz bands are quite
different from lower frequencies. The ray tracing based deter-
ministic channel models are so complex and not suitable
for THz communication systems design. Different from deter-
ministic channel models, the GBSMs are more flexible and
widely used in the 5G standardized channel models [44].
However, the existing THz GBSMs do not support mobility,
ultra-massive MIMO, and frequency non-stationarity simulta-
neously and only focus on one specific scenario. In order to

design and evaluate 6G wireless communication systems more
efficiently, in this paper, a general 3D THz GBSM considering
space-time-frequency (STF) non-stationarity is proposed. The
major contributions of this paper are listed as follows.

1) A general STF non-stationary THz channel model for
6G ultra-massive MIMO wireless communication sys-
tems is presented. The proposed model can support
different scenarios whose transmission distances range
from tens of meters to a few centimeters. The pro-
posed THz channel is very general to for different
specific THz scenarios and applications with certain
model parameters.

2) The STF non-stationarities in space, time, and frequency
domains caused by ultra-massive MIMO, long traveling
paths, and large bandwidths are considered. The evo-
lution in STF domain based on birth-death process is
presented.

3) The statistical properties such as STF correlation func-
tion (STFCF), the stationary interval, and power spec-
trum density (PSD) are derived. The simulation results
show good agreements with the corresponding mea-
surements, illustrating the validity and generality of the
proposed THz simulation model.

The remainder of this paper is organized as follows. In
Section II, the THz GBSM is described in detail. The channel
impulse response (CIR) and the parameters are presented.
The STF evolution based on birth-death process is introduced.
In Section III, typical statistical properties of the proposed gen-
eral THz channel model are derived. In Section IV, different
statistical properties of the channel model are simulated and
compared with measurements. Finally, conclusions are drawn
in Section V.

II. A GENERAL 3D NON-STATIONARY

THZ CHANNEL MODEL

The diagram of THz wireless communication system is
shown in Fig. 1 where uniform planar arrays (UPAs) are
employed at the transmitter (Tx) and receiver (Rx) containing
MT and MR elements at Tx and Rx, respectively. There
are MT

V columns and MT
H rows in the Tx array. Similarly,

MR
V columns and MR

H rows in the Rx array so that we
have MT = MT

V ×MT
H and MR = MR

V ×MR
H . Note that

non-uniform antenna arrays are also supported in the model
with the knowledge of the geometric relationship of antenna
elements. As shown in Fig. 1, considering multi-bounce prop-
agation, the nth path is represented by one-to-one pair clusters,
i.e., CT

n and CR
n at the Tx and Rx side, respectively. In each

path, The initial distance between the first element the Tx
and Rx is denoted as D. The first element is the used as
the reference to calculate other elements. It is a benchmark
element in the array. It should be noticed that (xG, yG, zG) axes
are established as the global coordinate system (GCS) whose
x axis is oriented to the first element of the receive array.
It should be distinguished from the local coordinate systems
(LCS) when calculating 3D antenna pattern in the LCS. The
inter-element spacing in a row and in a column of Tx (Rx)
are denoted as δT(R)

H and δT(R)
V , respectively. The elevation and
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Fig. 1. A 3D THz GBSM for massive MIMO communication systems.

azimuth angels of the row (column) for Tx are denoted as
βT

V (H),E and βT
V (H),A. Let

−→
A T

p and
−→
AR

q denote the position
vectors of AT

p and AR
q from the first element of Tx and Rx

array, respectively. The
−→
AT

p can be expressed as

−→
A T

p

= pHδ
T
H

�
cosβT

H,E cosβT
H,A cosβT

H,E sinβT
H,A sinβT

H,E

�
+pV δ

T
V

�
cosβT

V,E cosβT
V,A cosβT

V,E sinβT
V,A sinβT

V,E

�
(1)

where pV and pH mean that the pth element is located in the
pH th row and pV th column, we have that p = (pH − 1) ×
MT

V + pV . For Rx array the vector
−→
AR

q can be calculated in a
similar way.

A. Channel Impulse Response

Considering small-scale fading, path loss, shadowing, mole-
cular absorption, and blockage effect, the complete channel
matrix is given by

H = [PL · SH · BL ·MA]
1
2 · Hs (2)

where PL denotes the path loss. The path loss PL of the
channel is modeled by close-in free space reference distance
path loss model [46]–[48] as

PL(d) = PL0(m) + 10γ log(
d

m
) (3)

where PL0(m) is the free space path loss and can be calcu-
lated by Friis equation, γ means the propagation coefficient
and m is the reference distance. SH denotes the shadowing
and is modeled as a lognormal random variable. The blockage
loss BL caused by human activities is taken into account [40].
The molecular absorption loss MA for THz communications

can be found in HITRAN database [49]. All these parameters
are calculated in power level in this THz channel.

Due to the large bandwidth of THz communication systems,
it is not suitable to set the whole channel parameters at
center frequency. To describe the channel more accurately,
the communication band B is divided into NF small sub-bands
with bandwidth of Bsub = B/NF . The center frequency of the
ith sub-band is fi. The channel matrix of the ith sub-band
is denoted as Hfi . Considering the nonnegligible difference
in different frequency sub-bands, both large-scale parameters
and small-scale fading parameters are calculated for differ-
ent sub-bands separately. The large-scale fading parameters
in (2), i.e., PL, SH , BL, and MA are updated for different
frequency sub-bands. The small-scale channel matrix of a
sub-band is denoted as Hs,fi . In traditional communication
systems, the received signal can be calculated by the convolu-
tion of the transmitted signal and the channel impulse response
in the time domain or their product in the frequency domain.
However, in the communication systems with large bandwidth,
the transmitted signal can be also divided into the sub-band
signals. After each sub-band experiencing its corresponding
channel matrix, the received signal can be calculated by
summing up all the band-pass signals as

R(t, τ) =
NF�
i=0

� ∞

−∞
S(t, f) ·Afi(f) ·Hfi(t, f) · w(t) + n(t)

(4)

where S(t, f) is the spectrum of the transmitted signal, and
R(t, τ) is the received signal. The filtering function Afi(f)
denotes the ideal bandwidth band-pass filter for the sub-band.
The transfer function matrix Hfi(t, f) is the Fourier trans-
form of Hfi , w(t) is the time-variant beamforming matrix,
and n(t) is the normalized complex additive white Gaussian
noise. The channel impulse response of the ith sub-band
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TABLE I

DEFINITIONS OF MAIN PARAMETERS FOR THE PROPOSED THZ CHANNEL MODEL

Hs,fi = [hp,q,fi(t, τ)]MR×MT where MR and MT are the
element numbers of Tx and Rx, respectively. hp,q,fi(t, τ) is
the CIR from AT

p to AR
q and expressed as the summation of the

line-of-sight (LOS) and non-LOS (NLOS) components, i.e.,

hp,q,fi(t, τ) =

�
KR

KR + 1
hL

p,q,fi
(t, τ)

+

�
1

KR + 1

Np,q(t)�
n=1

Mn,fi�
m=1

hN
p,q,fi,mn

(t, τ) (5)

where KR is the K-factor, Np,q(t) is the number of clus-
ters from AT

p to AR
q at time instant t. Mn,fi represents the

time-space variant number of rays in the nth cluster of the ith
sub-band. It is frequency dependent and assumed to follow
a Poisson distribution Pois(λ̃) [43] where λ̃ is the mean and
variance of Mn,fi .

For the LOS components in (5), the complex channel gain
can be expressed as

hL
p,q,fi

(t, τ)

=

�
Fq,V (φ̃R

E,L(t), φ̃R
A,L(t))

Fq,H(φ̃R
E,L(t), φ̃R

A,L(t))

�T 	
ejθLOS 0

0 −ejθLOS




×
�
Fp,V (φ̃T

E,L(t), φ̃T
A,L(t))

Fp,H(φ̃T
E,L(t), φ̃T

A,L(t))

�
ej2πνLOS

p,q,fi
(t)tδ(τ − τL

p,q(t))

(6)

where {·}T denotes transposition operation, θLOS is uniformly
distributed within (0, 2π], Fp(q),V and Fp(q),H are the antenna
patterns of AT

p and AR
q at vertical and horizontal planes,

respectively. Note that in this paper, φ̃ represents angles in
the LCS and needs to be transformed from angles in the GCS.

The angle in LCS is obtained by rotating from the correspond-
ing angles in the GCS for three axes [44]. Similar to chapter
7.1 in [44], rotation of xG / yG / zG is denoted by γT

x / γT
y /

γT
z , respectively. For example, φ̃T

A,L and φ̃T
E,L can be obtained

by (7) and (8), shown at the bottom of the page, respectively.
Then the antenna patterns in (6) can be calculated as

Fq,V (φ̃E , φ̃A) = G(φ̃E , φ̃A) sin(φ̃E) (9)

Fq,H(φ̃E , φ̃A) = G(φ̃E , φ̃A) cos(φ̃E). (10)

In the proposed channel model, antenna arrays at Tx and
Rx sides can be any radiation pattern for each element. The
radiation pattern can be substituted into (6) to generate the
CIR of the LOS path. In this paper, we assume that the dipole
antennas are utilized at both Tx and Rx sides. In this case [45],
we have

G(φ̃E , φ̃A) =
√

1.64
cos(π

2 cos φ̃A)

sin φ̃A

. (11)

The delay τL
p,q(t) is calculated by τL

p,q(t) = dL
p,q(t)/c, where

c is the speed of light and dL
p,q(t) denotes the distance from AT

p

to AR
q at time instant t. The vector

−→
d L

p,q(t) can be calculated
as

−→
d L

p,q(t) =
−→
D +

−→
AR

p −−→
A T

q +
� T

0

(−→v R(t) −−→v T(t))dt. (12)

In this model, we assume that the velocity vector of Tx or Rx
is constant and can be expressed as

−→v T = vT · [cosαT
E cosαT

A, cosαT
E sinαT

A, sinα
T
E ] (13)

−→v R = vR · [cosαR
E cosαR

A, cosαR
E sinαR

A, sinα
R
E ]. (14)

φ̃T
A,L = arccos

�
cos(γT

y ) cos(γT
z ) cos(φT

A,L)
+
�
sin(γT

y ) cos(γT
z ) cos(φT

E,L − γT
x) − sin(γT

z ) sin(φT
E,L − γT

x)


sin(φT

A,L)

�
(7)

φ̃T
E,L = arg

⎛
⎝ cos(γT

y ) sin(φT
A,L) cos(φT

E,L − γT
x)

+j
�

cos(γT
y ) sin(γT

z ) cos(φT
A,L)+�

sin(γT
y ) sin(γT

z ) cos(φT
E,L − γT

x) − cos(γT
z ) sin(φT

E,L − γT
x)


sin(φT

A,L)

�⎞⎠ . (8)
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The Doppler frequency νL
p,q,fi

(t) between AT
p and AR

q is
expressed as

νL
p,q,fi

(t) =
1

λ(fi)

�−→
d L

p,q(t),
−→v R −−→v T

�
�−→d L

p,q(t)�
(15)

where �·� is the inner product operator and � · � calculates
the Frobenius norm. The λ(fi) is the wavelength of the ith
sub-band and calculated as

λ(fi) =
c

fi
. (16)

For NLOS components, the channel gain hN
p,q,fi,mn

(t) can
be written as

hN
p,q,fi,mn

(t, τ)

=

�
Fq,V (φ̃R

E,mn
(t), φ̃R

A,mn
(t))

Fq,H(φ̃R
E,mn

(t), φ̃R
A,mn

(t))

�T

×
�

ejθV V
mn

�
κ−1

mne
jθV H

mn�
κ−1

mne
jθHV

mn ejθHH
mn

��
Fp,V (φ̃T

E,mn
(t), φ̃T

A,mn
(t))

Fp,H(φ̃T
E,mn

(t), φ̃T
A,mn

(t))

�

×
�
Pp,q,fi,mn(t)e

j2πνT
p,q,mn

(t)ej2πνR
p,q,mn

(t)δ(τ−τp,q,mn(t))

(17)

where κmn stands for the cross polarization power ratio,
θV V

mn
, θV H

mn
, θHV

mn
, and θHH

mn
are initial phases with uniform

distribution over (0, 2π]. Pp,q,fi,mn is the powers of the mth
ray in the nth cluster between AT

p and AR
q at time instant t. The

delay of the mth in the nth cluster is denoted as τp,q,mn(t)
and calculated as τp,q,mn(t) = dp,q,mn(t)/c. The Doppler
frequencies at Tx and Rx side are denoted as νT

p,q,mn
(t) and

νR
p,q,mn

(t), respectively. The total number of paths in each
cluster can be set as a typical number such as 50 or 100 in
the channel simulation.

In order to generate the complete THz channel coefficient,
we need firstly to generate a set of clusters at initial time and
first element of Tx/Rx in the first band. Then the STF cluster
evolution will be taken in the space-time-frequency domains
and parameters will also be updated. In the same time, the
new clusters have the probability of birth process.

For a new cluster, spherical wavefront needs to be con-
sidered due to the utilization of large antenna arrays. The
time variant transmission distances caused by long traveling
movement are also nonnegligible. In THz communication
systems, the specular reflection accounts the main part in the
received power and diffuse scattering is only detectable around
the specular reflection points [10]. For a specular reflection
path, the position of reflection point will move when the Tx
or Rx moves. Different from other GBSMs in [34] where
the total distance is divided into three parts: from the Tx
to the first cluster, form the Rx to the last cluster, and the
virtual link between these two clusters. In this channel model,
we calculate the total distance of the path directly, the total
distance from the Tx to the Rx is considered as an integrated
random variable. The total distance of cluster is described
recursively with an interarrival distance relative to the previous
cluster

dn = dn−1 + Δdn (18)

where Δdn is an negative exponential distribution (NEXP)
random variable [17] with parameter d̄N. For the first cluster,
Δd1 means the distance difference relative to the LoS path.
For the first cluster, Δd1 means the distance difference relative
to the direct distance between the Tx and Rx, which is the
LOS path in the LOS scenario and is still valid in the NLOS
scenario..

The angular parameters of each ray consist of two parts: the
angle of the cluster center and the relative angle. The relative
angles ΔφT

A,mn
, ΔφT

E,mn
, ΔφR

A,mn
, and ΔφT

R,mn
calculate

the angular offset compared to the center of clusters. The
angles can be calculated as

[φT
A,mn

, φT
E,mn

, φR
A,mn

, φR
E,mn

] = [φT
A,n, φ

T
E,n, φ

R
A,n, φ

R
E,n]

+ [ΔφT
A,mn

,ΔφT
E,mn

,ΔφR
A,mn

,ΔφR
E,mn

]. (19)

The angular parameters φR
A,n, φR

E,n of cluster are assumed to
obey wrapped Gaussian distributions. Angles of arrival (AoAs)
of the nth cluster are generated as

φR
E,n = std[φR

E,n]YE,n + ψE,n (20)

φR
A,n = std[φR

A,n]YA,n + ψA,n (21)

where YE,n and YA,n follow the Gaussian distributionN(0, 1),
std[φR

E,n] and std[φR
A,n] are standard deviations of AoAs and

need to be estimated.
In this model, we assume that all the diffusely scattered rays

happen around the specular reflected path according to [14].
When modeling the relative angle, we assume that the center
of the cluster is the specular point. All the scatterers around the
specular point is Gaussian distributed. The standard variances
of relative angle ΔφT

A,mn
, ΔφT

E,mn
, ΔφR

A,mn
, and ΔφT

R,mn

are denoted as σT
A,n, σT

E,n, σR
A,n, and σR

E,n, respectively.
The total distance of rays in each cluster dp,q,mn can be

calculated from the relative angles and distances of specular
reflection dp,q,n by the geometric relationship.

According to the relative angle, the total distance of different
scattering paths can be calculated

dp,q,mn =
�
dV

p,q,mn

2 + dH
p,q,mn

2 (22)

where dV
p,q,mn

and dH
p,q,mn

represent the vertical and hori-
zontal distances of the path length, respectively. They can be
calculated by

dV
p,q,mn

= dp,q,n sin(φR
A,n)rR

c / cos(ΔφR
E,mn

)

+ dp,q,n sin(φT
A,n)rT

c/ cos(ΔφT
E,mn

) (23)

dH
p,q,mn

= dp,q,n cos(φR
A,n)rR

c / cos(ΔφR
A,mn

)

+ dp,q,n cos(φT
A,n)rT

c / cos(ΔφT
A,mn

) (24)

where rT(R)
c is the ratio of the distance between the cluster

and the Tx(Rx) to the total distance. When the relative angles
are zero, the path can be considered as specular reflection.
Then, the relative distance can be obtained by dp,q,mn and
the specular path.For single bounce clusters, it is clear that
rT
c + rR

c = 1. For multiple bounce rays, we have rT
c + rR

c < 1.
The simulated probability density functions (PDF) for different
variances are shown in Fig. 2.
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Fig. 2. PDF of the relative distances within clusters (dp,q,1 = 8 m, rT
c = 0.4,

rR
c = 0.6, σT

A,1 = σT
E,1 = σR

A,1 = σR
E,1 = 2◦, σT

A,2 = σT
E,2 = σR

A,2 =

σR
E,2 = 4◦).

B. STF Evolution

In this sub-section, we will generate the STF-variant para-
meters for the channel. The evolution in time axis and
array axis is caused by the offset of geometry relation-
ship. The evolution in the frequency domain is caused by
frequency-dependent scattering.

Birth-death process has been validated by channel measure-
ments in vehicle-to-vehicle scenarios [51]. In massive MIMO
communication systems, similar properties can be observed
on the array axis. In this paper, space-time cluster evolutions
are modeled in a uniform manner. The flowchart of the STF
cluster evolution based on the birth-death process is shown
in Fig. 3. The generation (birth) and recombination (death)
rates of clusters are denoted as λG and λR, respectively. Firstly,
initial parameters for clusters are generated at time t and first
element of Tx and Rx. Then, the unified array-time cluster
evolution are conducted and parameters at t + Δt and other
elements are updated according to the geometric relationship.

For the Tx side, the probability of a cluster remains over
the time interval Δt and antenna element spacing δ̃p can be
calculated as

P T
remain

�
Δt, δ̃p

�
= exp

�
−λR

��
ε̃T
1


2
+
�
εT
2


2 − 2ε̃T
1ε

T
2 cos

�
αT

A − β̃T
A

�� 1
2
�

(25)

where

ε̃T
1 = δ̃p cos

�
β̃T

E

�
/DA

c (26)

εT
2 = vTΔt/DS

c . (27)

Different from the evolution along the uniform linear
array (ULA) in [33], [34] the evolution along the UPA is
not in one fixed direction. For the elements in the first row
and first column, the δ̃p is δp, the β̃T

E equals to βT
H,E and

βT
V,E , respectively. For other elements in the array, we have
δ̃p =

√
2δp and β̃T

E = (βT
H,E +βT

V,E)/2. Symbols DA
c and DS

c

Fig. 3. Flowchart of the STF cluster evolution for the proposed THz 3D
GBSM.

are scenario-dependent correlation factors in the array and time
domains, respectively.

For the Rx side, the probability of a cluster existing over the
time interval Δt and element spacing δ̃q is calculated similarly.
Since each antenna element has its own observable cluster set,
only a cluster can be seen by at least one Tx antenna and one
Rx antenna, it can contribute to the received power. Therefore,
the joint probability of a cluster existing over Δt and element
spacing δ̃p, δ̃q is calculated as

Premain

�
Δt, δ̃p, δ̃q

�
= P T

remain

�
Δt, δ̃p

�
· P R

remain

�
Δt, δ̃q

�
.

(28)

The mean number of newly generated clusters is obtained by

E {Nnew } =
λG

λR

�
1 − Premain

�
Δt, δ̃p, δ̃q

��
. (29)

Since the center of all of the clusters are specular reflection,
there exists a mirror point for AT

p and AT
p. As we can see in

the Fig. 4, the mirror point of AT
p is symmetrical about the first

reflection surface of the nth path at time instant t and denoted
as ÃT

p,q,n(t). Similarly, the mirror point of AR
q is symmetry
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Fig. 4. Array-time evolution for (a) single bounce path in the Rx side, (b) single bounce path in the Tx side, (c) multi bounce path in the Rx side, and
(d) mulit bounce path in the Tx side.

about the first reflection surface of the nth path at time instant
t and denoted as ÃR

p,q,n(t).
According to the geometrical relationships in Fig. 1, the dis-

tance vectors of the mth ray of the nth cluster
−→
d T

p,q,mn
(t) and−→

d R
p,q,mn

(t) at the Tx side and Rx side are calculated as

−→
d T

p,q,mn
(t) = dT

p,q,mn
(t)

⎡
⎣cosφT

E,mn
cosφT

A,mn

cosφT
E,mn

sinφT
A,mn

sinφT
E,mn

⎤
⎦ (30)

−→
d R

p,q,mn
(t) = dR

p,q,mn
(t)

⎡
⎣cosφR

E,mn
cosφR

A,mn

cosφR
E,mn

sinφR
A,mn

sinφR
E,mn

⎤
⎦ . (31)

It is clear that the total distance of the path equals to the
distance from the mirror point to the antenna in another side.

We have that

dp,q,mn(t) = �−→d T
p,q,mn

(t)� = �−→d R
p,q,mn

(t)�. (32)

For the array time evolution, the Tx and Rx are calculated
separately. In the first step, we assume that Rx moving along
time-array axis and Tx is static. We have that

d̃p,q,mn(t+ Δt) =
����−→̃d R

p,q,mn
(t+ Δt)

����
=
����−→̃d R

1,1,mn
(t) +

−→
AR

q + −→v R · Δt
���� (33)

where d̃p,q,mn(t + Δt) is a temporary distance after the first

step. The
−→̃
d R

p,q,mn
(t+Δt) is the vector from the mirror point

of Tx to the AR
q . Then the Tx is moving and Rx keep static.
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The new distance can be calculated as

dp,q,mn(t+ Δt) =
���−→d p,q,mn(t+ Δt)

���
=
����−→̃d T

p,q,mn
(t+ Δt) −−→

A T
p −−→v T · Δt

����
(34)

where
−→̃
d T

p,q,mn
(t + Δt) denotes the vector from the mirror

point of Rx to the AT
p. The angle can also be calculated

from the updated vector. For both single-bounce paths and
multi-bounce paths, we only consider the total path lengths
which contain the virtual link in multi-bounce paths.

The Doppler frequency νT
p,q,mn

(t) at Tx and νR
p,q,mn

(t) are
calculated as

νT
p,q,mn

(t) =
1

λ(fi)

�−→
d T

p,q,mn
(t),−→v T

�
�−→d T

p,q,mn
(t)�

(35)

νR
p,q,mn

(t) =
1

λ(fi)

�−→
d R

p,q,mn
(t),−→v R

�
�−→d R

p,q,mn
(t)�

. (36)

For different sub-bands, positions of cluster and Tx/Rx
remain unchanged so that the birth-death process of clusters
are not considered. However, considering the scattering in
different sub-bands, the birth-death process for rays in each
clusters are considered along the frequency axis. The probabil-
ity of a ray remains over two adjacent sub-channel is calculated
as

Premain (Bsub) = exp

�−λR · ρS · Bsub

Bf
c

�
(37)

where ρS is a coefficient related to the reflection surface.
Symbol Bf

c is scenario-dependent correlation factors in the
frequency domain. Then the mean number of newly generated
rays is obtained by

E {Nnew} =
λG

λR
[1 − Premain (Bsub)]. (38)

For the survived rays, the space-time-frequency varying ray
power between AT

p and AR
q is expressed as

P �
p,q,fi,mn

(t)

= exp

�
−τp,q,mn(t)

rτ − 1
rτDS

�
10

−Zn
10 · ξn(p, q) · fi

fc

γmn

(39)

where Zn is the per cluster shadowing term in dB, DS
is the RMS delay spread, rτ denotes the delay distribution
proportionality factor and determined as the ratio of the
standard deviation of the delays to the RMS delay spread [44],
γmn is a environment-dependent random variable and fc is the
center frequency of the communication system. The smooth
power variations over the transmit and receive arrays can be
simulated by a two-dimension (2D) spatial lognormal process
ξn(p, q) and can be calculated as

ξn(p, q) = 10[μn(p,q)+σn·sn(p,q)] (40)

where μn(p, q) is the local mean and sn(p, q) is a 2D Gaussian
process, which account for the path loss and shadowing

along the large arrays, respectively. The 2D Gaussian process
sn(p, q) is given by

sn(p, q) =
K�

k=1

ck cos[(fq,kδq + fp,kδp) + θk] (41)

where K is the number of sinusoids, ck are the amplitudes,
fq,k and fp,k are the spatial frequencies on both ends. Phases
θk are uniformly distributed in (0, 2π]. The final ray powers
are obtained by normalizing P �

p,q,fi,mn
(t)

Pp,q,fi,mn(t) =
P �

p,q,fi,mn
(t) Np,q(t)

n=1

 Mn,fi
m=1 P �

p,q,fi,mn
(t)
. (42)

In the scenarios with ultra-massive MIMO, if the channel
evolution is taken element by element, the amount of computa-
tion will be too large. In order reduce the computational costs
without the loss of accuracy, the large array can be divided into
sub-arrays. In each sub-array, the differences of total distance
for all the elements can be neglected. As a result, the unified
array time evolution can be updated only in adjacent sub-
arrays. To determine the size of the sub-array, we calculate
the Rayleigh distance [52] of the sub-array and make sure
that the Rayleigh distance is larger than the minimum path
distance. The Rayleigh distance of the sub-array is calculated
as R = 2D2

s /λ where Ds is the maximum aperture of
the sub-array. For example, for a typical indoor THz com-
munication system working at 300 GHz with 1024 × 1024
transmission array, the minimum transmission distance of
paths is assumed as 4 m, then the maximum aperture of the
sub-array is about 30 mm which supports maximum 60 × 60
sub-array.

III. STATISTICAL PROPERTIES OF THE CHANNEL MODEL

A. STF-Variant Transfer Function

The time-variant transfer function Hp,q,fi(f, t) can be cal-
culated as the Fourier transform of the CIR with respect to
delay

Hp,q,fi (f, t)

=
� ∞

−∞
hp,q,fi(f, t)e

−j2πfτdτ

=

�
KR

KR + 1
hL

p,q,fi
(t)e−j2πfτL

p,q(t)

+

�
1

KR+1

Np,q(t)�
n=1

Mn,fi�
m=1

hN
p,q,fi,mn

(t)e−j2πfτp,q,mn (t). (43)

B. STF Correlation Function

The STF correlation function (STFCF) measures the cor-
relation properties between two adjacent channel coefficients
ρp,q,p�,q�(t, f,Δt,Δf) can be calculated as

ρp,q,p�,q�(t, f,Δt,Δf)

= E
�
Hp,q,fi(f, t)H

∗
p�,q�,f �

i
(f + Δf, t+ Δt)

�
. (44)
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The (44) can be calculated as the superposition of the the
LOS and the NLOS components, i.e.,

ρp,q,p�,q�(t, f,Δt,Δf)
= ρLOS

p,q,p�,p�(t, f,Δt,Δf) + ρNLOS
p,q,p�,p�(t, f,Δt,Δf). (45)

For the Los component, the correlation is expressed as

ρLOS
p,q,p�,q�(t, f,Δt,Δf)

=
KR

KR + 1
hL

p,q,fi
(t)hL

p�,q�,f �
i

∗
(t+ Δt)ej2πσ1 (46)

where σ1 = f [τL
p,q(t)− τL

p�,q�(t+Δt)]+ΔfτL
p�,q�(t+Δt). For

the NLOS component, the correlation function is calculated
similarly as

ρNLOS
p,q,p�,p�(t, f,Δt,Δf)

=
Premain(Δt, δ̃p, δ̃q)

KR + 1

×E
⎡
⎣Np,q(t)�

n=1

Np�,q� (t)�
n�=1

Mn,fi�
m=1

Mn,f�
i�

m�=1

Premain(Δf)

hN
p,q,fi,nm

(t)hN
p�,q�,f �

i ,n�
m�

∗
(t+ Δt)ej2πσ2

⎤
⎦ (47)

where σ2 = f [τp,q,nm(t) − τp�,q�,nm(t + Δt)] + Δfτp�,q�,nm

(t + Δt). It is hard to present the STFCF directly because
of the high dimension of the STFCF. However, by setting
Δf = 0, p = p�, and q = q�, the STFCF is reduced to the
time-frequency-variant ACF

ρACF
p,q (t, f,Δt) = ρp,q(t, f,Δt, 0)

= E
�
Hp,q,fi(f, t)H

∗
p,q,fi

(f, t+ Δt)
�
. (48)

By setting Δf = 0 and Δt = 0, STFCF is reduced to the
space cross-correlation function (SCCF)

ρSCCF
p,q,p�,q�(t, f) = ρp,q,p�,q�(t, f, 0, 0)

= E
�
H∗

p,q,fi
(f, t)Hp�,q�,fi(f, t)

�
. (49)

Similarly, by setting Δt = 0, p = p�, and q = q�, the STFCF
is reduced to the time-frequency-variant frequency correlation
function (FCF)

ρFCF
p,q (t, f,Δf) = ρp,q(t, f, 0,Δf)

= E
�
H∗

p,q,fi
(f, t)Hp,q,fi(f + Δf, t)

�
. (50)

C. Delay PSD and Delay Spread

The time-frequency variant delay PSD for the channel
between the pth Tx antenna and the qth Rx antenna can be
expressed as

Υp,q(t, fi, τ)=
Np,q(t)�

n=1

Mn,fi�
m=1

|hp,q,fi,mn(t)|2 δ(τ − τp,q,mn(t)).

(51)

The time-variant delay PSD is influenced by the
time-dependent mean powers of rays with clusters and
delays of rays parameters.

The delay spread is an important parameter in determin-
ing whether or not an adaptive equalizer is required at the
receiver. If the delay spread exceeds 10 percent to 20 per-
cent of the symbol duration, then an adaptive equalizer is
required. The delay spread of the channel model can be
written as

στ (t, fi)

=

!""""""#
Np,q(t) 

n=1

Mn,fi 
m=1

(τp,q,mn(t) − μτ )2Υp,q(t, fi, τp,q,mn(t))

Np,q(t) 
n=1

Mn,fi 
m=1

Υp,q(t, fi, τp,q,mn(t))

.

(52)

where μτ is the average delay of the channel and is calculated
as

μτ =

Np,q(t) 
n=1

Mn,fi 
m=1

(τp,q,mn(t) − μτ )Υp,q(t, fi, τp,q,mn(t))

Np,q(t) 
n=1

Mn,fi 
m=1

Υp,q(t, fi, τp,q,mn(t))

(53)

D. Local Doppler PSD

The local Doppler PSD measures the average power as a
function of the Doppler frequency. It can be calculated by the
Fourier transform of the temporal ACF with respect to Δt and
can be written as

Sp,q(f, t) =
� ∞

−∞
ρACF

p,q (t, f,Δt)e−j2πfΔtdΔt. (54)

E. Angular PSD and Angular Spread

The angular PSD of the channel model measures the power
distribution in the angular domain. It can be calculated from
the CIR of the channel model and written as

ΛT(t,ΩE ,ΩA)

=

�
KR

KR + 1

$$hL
p,q,fi

(t)
$$2 δ(ΩE − φT

E,L(t))δ(ΩA − φT
A,L(t))

+

�
1

KR+1

Np,q(t)�
n=1

Mn,fi�
m=1

$$hN
p,q,fi,mn

(t)
$$ δ(ΩE−φT

E,mn
(t))

δ(ΩA − φT
A,mn

(t)) (55)

where ΩE and ΩA are the EAoD and AAoD at the Tx side.
The angular PSD at the Rx side can be calculated in the similar
method.

The cluster level angle spread reflects degree of the diffusely
scattering and can also be obtained from the CIR. The cluster
level angle spread ψT

A,n is expressed as

ψT
A,n,fi

(t) =

!""# Mn,fi
m=1 (ΔφT

A,mn
)2ΛT(t, φT

A,mn
) Mn,fi

m=1 ΛT(t, φT
A,mn

)
. (56)
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F. Stationary Regions in STF Domains

For non-wide sense stationary channel, stationary interval
is utilized in [50] to measure the period within which the
channel amplitude response can be seen as stationary. In
this model, non-stationarities in space, time, and frequency
domains are considered. Therefore, an improved definition
for the stationary regions is extended to space and frequency
domains. The stationary regions in space, time, and frequency
domains are denoted as stationary distance, stationary interval,
and stationary bandwidth and can be calculated as maxi-
mum distance/interval/frequency bandwidth within which the
auto-correlation function of time-frequency dependent delay
PSD exceeds the threshold.

The stationarity regions in three domains can be written as

I(Δp,Δq,Δt,Δf)

= inf
%
Δp,Δq,Δt,Δf |RΥ

p,q,p�,q� (t,f,Δp,Δq,Δt,Δf)<cth

&
(57)

where inf {·} calculates the infimum of a function. It should
be noticed that the threshold cth can be adjusted for dif-
ferent requirements. The normalized ACF of the delay PSD
RΥp,q,p�,q� (t,f,Δp,Δq,Δt,Δf) is defined by

RΥp,q,p�,q� (t,f,Δp,Δq,Δt,Δf)

=
'

Υp,q(t, fi, τ)Υp�,q�(ti + Δt, fi + Δf, τ)dτ

max
%'

Υ2
p,q(t, fi, τ)dτ,

'
Υ2

p�,q�(ti+Δt, fi+Δf, τ)dτ
&

(58)

where Υp,q(t, τ, fi) is the delay PSD of the model and p� =
p+ Δp, q� = q + Δq.

For the time domain, by setting the Δp = 0, Δq = 0,
Δf = 0 in (58), the stationary interval is written as

I(Δt) = inf
%
Δt |RΥp,q(t,f,Δt)<cth

&
. (59)

For the space domain, the stationary distance can be obtained
by setting Δt = 0, Δf = 0 in (58) as

I(Δp,Δq) = inf
%
Δp,Δq |RΥ

p,q,p�,q� (t,f)<cth

&
. (60)

For the frequency domain, the stationary bandwidth can be
calculated by setting the Δp = 0, Δq = 0, Δt = 0 as

I(Δf) = inf
%
Δf |RΥp,q(t,f,Δf)<cth

&
. (61)

IV. RESULTS AND ANALYSIS

In this section, the statistical properties of the THz channel
models are simulated and discussed. The frequency of the
system is chosen from 300 GHz to 350 GHz. The Tx array is
set as 128× 128 and The Rx array is set as 16× 16. Both δT

and δR equal to half of wavelength at 325 GHz. To validate the
proposed THz channel model, basic simulation parameters for
a typical THz indoor scenario are set as follows. The elevation
and azimuth angles of Tx array βT

V,E, βT
V,A, βT

H,E , and βT
H,A

are set as −π
10 , π

10 , −3π
5 , and 3π

4 , respectively. The velocity of
Rx is vR = 0.6 m/s with αR

E = 0 and αR
A = π

3 . The Tx is
assumed as fixed. The bandwidth of sub-band is 0.1 GHz.

Fig. 5. The comparison of time-variant ACFs for cluster CT
1 at t0 = 0 s

and t1 = 5 s at 300 GHz and 350 GHz (D = 3 m, dp,q,n = 5 m, p = 1,
q = 1, vR = 0.6 m/s, vT = 0 m/s, σA,n = 2.8◦, σE,n = 1.4◦).

A. STF Correlation Function

The simulations for correlation functions are assumed to
imitate indoor scenarios. The analytic results are obtained
by ideal cases where the paths in each cluster are trend to
infinity. However, it is unprocurable in the real hardware. The
simulated results are calculated after the channel generation.
It can be utilized in the real communication hardware. The
generation rate λG is assumed as 0.8, and the recombination
rate λR = 0.04, the mean number of clusters is 20. The time
ACF of the model can be calculated by setting Δp, Δq, and
Δf as 0. The comparison of channel model at t0 = 0 s
and t1 = 5 s of CT

1 is shown in Fig. 5. We can observe
from the figure that the simulation results fit well with the
analytical results. The difference of ACFs at different instants
and frequencies can be obviously observed verifying that the
non-stationarities caused by mobility and large bandwidth are
nonnegligible.

The spatial CCFs for CT
1 at different elements are demon-

strated in Fig. 6. We can observe that the differences for
spatial CCFs at different elements are nonnegligible which
verifies the spatial non-stationarity caused by ultra-massive
MIMO.

The absolute values of FCFs for NLOS paths at different
f1 = 300 GHz, f2 = 325 GHz, and f3 = 350 GHz for THz
massive MIMO channel model are shown in Fig. 7. We can
notice that differences among FCFs at different frequencies are
small but still observable which means that the non-stationarity
in the frequency domain needs to be considered.

B. Stationary Bandwidth

The stationary bandwidth is simulated with parameters of
a typical indoor scenario according to [17], [53]. The initial
distance between the first elements of Tx and Rx is 3 m,
d̄N is set as 1.5 m. The initial intra-cluster parameters σR

E,n,
σR

A,n, σT
E,n, and σT

A,n are set as 1.2◦, 1.7◦, 1.4◦, and 2.8◦,
respectively. The cumulative distribution functions (CDFs) of
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Fig. 6. The comparison of spatial CCFs at different antenna at different
antenna element (D = 3 m, fi = 300 GHz, vR = 0.6 m/s, vT = 0 m/s,
σA,n = 2.8◦, σE,n = 1.4◦).

Fig. 7. The comparison of FCFs at different frequencies (D = 3 m, p = 1,
q = 1, vR = 0.6 m/s, vT = 0 m/s, σA,n = 2.8◦, σE,n = 1.4◦).

the stationary bandwidth of the simulation channel model at
different frequencies are shown in Fig. 8. The threshold is
chosen as 0.9. The median of the stationary bandwidth at
300 GHz is approximately 12.5 GHz. Higher frequency band
has larger frequency stationary bandwidth. If the bandwidth
in THz communication is larger than the stationary bandwidth,
non-stationarity in frequency domain is nonnegligible.

C. Cluster Level Angle Spread

Cluster level angle spread reflects the degree of diffusely
scattering in a cluster. In this simulation, the parameter σR

E,n is
optimized according to minimum mean square error (MMSE)
criterion to fit the data from the channel measurements [10]
or ray tracing [18]. In the optimization process, an iterative
process is conducted to determine the minimum mean square
error and its corresponding parameters. The CDFs of relative
azimuth angles of arrival with different σR

E,n are simulated
and compared with the measurement data [10] in Fig. 9.

Fig. 8. The comparison of stationary bandwidth at different frequencies
(D = 3 m, d̄N = 1.5 m, p = 1, q = 1, vR = 1 m/s, vT = 0 m/s,
σR

A,n = 1.7◦, σR
E,n = 1.2◦, σT

A,n = 2.8◦, σT
E,n = 1.4◦).

Fig. 9. The CDFs of relative angle in a cluster with different σR
E,n and the

measurement in [10] (D = 2.7 m, p = 1, q = 1, t0 = 0 s, f0 = 300 GHz,
vR = 0 m/s).

The measurements in [10] were conducted in a small static
office scenario with some furniture. The measured frequency
was from 275 GHz to 325 GHz. The distance between Tx and
Rx is 2.8 m. We can observe the good agreement when σR

E,n =
1.4◦. Then we simulate the scattering in two materials with
different roughness. The cluster level angle spread is greatly
affected by the roughness of the material. The height standard
deviation of plaster1 is σplaster1 = 0.5 mm and σplaster2 =
1.5 mm in [18]. Fig. 10 demonstrates the comparison of cluster
level angle spread with different materials in this model and
simulation by ray tracing in [18]. The results show that the
proposed model can approximate well with the ray tracing for
different materials.

D. RMS Delay Spread

The RMS delay spread is simulated and fitted with the mea-
surement data [28] by minimum mean square error criterion
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Fig. 10. The CDFs of cluster angle spread with different materials
(D = 2.7 m, p = 1, q = 1, t0 = 0 s, f0 = 300 GHz, σR

A,n = 0.15◦

for plaster1, σR
A,n = 0.75◦ for plaster2).

Fig. 11. The comparison of simulated RMS delay spread and measurement
in [28] (p = 1, q = 1, t0 = 0 s, f0 = 300 GHz, vR = 0 m/s, σR

E,n = 0.1,
σR

E,n = 0.07, d̄N = 0.05 m for D = 0.15 m).

in Fig. 11. In [28], channel measurement on the desktop where
the transmission distance is less than 1 m at 300 GHz was
conducted. In the simulation, the transmission distance is from
0.1 m to 0.75 m and a single antenna for both the Tx and Rx
is applied. The parameters λG = 0.2 and λR = 0.04. d̄N are
linearly increase with the LOS distance and the parameters at
D = 0.15 m are estimated. We can observe good agreement
between the simulation results and the measurement data.
It means that the proposed model is suitable for this scenario.

V. CONCLUSIONS

A novel 3D general THz GBSM for 6G wireless com-
munication systems has been proposed in this paper. The
non-stationarities and cluster evolution in space, time, and
frequency domains based on birth-death processes have been
demonstrated. The novel general THz channel model can be
reduced to specific channel models to fit various scenarios

by adjusting model parameters. Statistical properties of the
proposed general THz channel model such as the correlation
functions and stationarity regions have been derived and
simulated. The good agreements between simulated statistical
properties and corresponding channel measurements have ver-
ified the accuracy and generality of the proposed THz model.
The proposed general THz channel model can be utilized
in 6G THz communication systems design for different sce-
narios with good accuracy.
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[31] J. Fu, P. Juyal, and A. Zajić, “300 GHz channel characterization of
chip-tochip communication in metal enclosure,” in Proc. 13th Eur. Conf.
Antennas Propag. (EuCAP), Mar. 2019, pp. 1–5.

[32] C.-X. Wang, J. Bian, J. Sun, W. Zhang, and M. Zhang, “A survey of
5G channel measurements and models,” IEEE Commun. Surveys Tuts.,
vol. 20, no. 4, pp. 3142–3168, Aug. 2018.

[33] S. Wu, C.-X. Wang, E.-H.-M. Aggoune, M. M. Alwakeel, and X. You,
“A general 3-D non-stationary 5G wireless channel model,” IEEE Trans.
Commun., vol. 66, no. 7, pp. 3065–3078, Jul. 2018.

[34] S. Wu, C.-X. Wang, E.-H.-M. Aggoune, M. M. Alwakeel, and Y. He,
“A non-stationary 3-D wideband twin-cluster model for 5G massive
MIMO channels,” IEEE J. Sel. Areas Commun., vol. 32, no. 6,
pp. 1207–1218, Jun. 2014.

[35] S. Wu, C.-X. Wang, H. Haas, E.-H.-M. Aggoune, M. M. Alwakeel, and
B. Ai, “A non-stationary wideband channel model for massive MIMO
communication systems,” IEEE Trans. Wireless Commun., vol. 14, no. 3,
pp. 1434–1446, Mar. 2015.

[36] C. F. Lopez and C.-X. Wang, “Novel 3-D non-stationary wideband
models for massive MIMO channels,” IEEE Trans. Wireless Commun.,
vol. 17, no. 5, pp. 2893–2905, May 2018.

[37] J. Bian, C.-X. Wang, X. Gao, X. You, and M. Zhang, “A gen-
eral 3D non-stationary wireless channel model for 5G and beyond,”
IEEE Trans. Wireless Commun., early access, Jan. 8, 2021, doi:
10.1109/TWC.2020.3047973.

[38] C. F. Lopez and C.-X. Wang, “A study of 2D non-stationary massive
MIMO channels by transformation of delay and angular power spectral
densities,” IEEE Trans. Veh. Technol., vol. 69, no. 12, pp. 14212–14224,
Dec. 2020.

[39] J. Huang, C.-X. Wang, R. Feng, J. Sun, W. Zhang, and Y. Yang,
“Multi-frequency mmWave massive MIMO channel measurements and
characterization for 5G wireless communication systems,” IEEE J. Sel.
Areas Commun., vol. 35, no. 7, pp. 1591–1605, Jul. 2017.

[40] J. Huang, C.-X. Wang, H. Chang, J. Sun, and X. Gao, “Multi-frequency
multi-scenario millimeter wave MIMO channel measurements and mod-
eling for B5G wireless communication systems,” IEEE J. Sel. Areas
Commun., vol. 38, no. 9, pp. 2010–2025, Sep. 2020.

[41] J. Huang, C.-X. Wang, Y. Liu, J. Sun, and W. Zhang, “A novel 3D
GBSM for mmWave MIMO channels,” Sci. China Inf. Sci., vol. 61,
no. 10, pp. 1–15, Oct. 2018.

[42] R. He, B. Ai, G. L. Stuber, G. Wang, and Z. Zhong, “Geometrical-based
modeling for millimeter-wave MIMO mobile-to-mobile channels,” IEEE
Trans. Veh. Technol., vol. 67, no. 4, pp. 2848–2863, Apr. 2018.

[43] M. R. Akdeniz et al., “Millimeter wave channel modeling and cellular
capacity evaluation,” IEEE J. Sel. Areas Commun., vol. 32, no. 6,
pp. 1164–1179, Jun. 2014.

[44] Study Channel Model for Frequencies From 0.5 to 100 GHz, Version
15.0.0, document TR 38.901, 3GPP, Jun. 2018.

[45] R. S. Elliott, Antenna Theory & Design, Revised Edition. Hoboken, NJ,
USA: Wiley, 2003.

[46] J. B. Andersen, T. S. Rappaport, and S. Yoshida, “Propagation mea-
surements and models for wireless communications channels,” IEEE
Commun. Mag., vol. 33, no. 1, pp. 42–49, Jan. 1995.
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