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Abstract—The Industrial Internet of things (IIoT) is one of
the typical application scenarios in the beyond fifth generation
(B5G) wireless communication systems. Due to numerous metal
obstacles and machines, the industrial channel, especially at the
millimeter-wave (mmWave) bands, exhibits complex characteris-
tics that haven’t been considered in existing literature. This paper
proposes an innovative three-dimensional (3D) non-stationary
geometry-based stochastic model (GBSM) for IIoT scenarios
at mmWave bands. In the proposed model, device reflections
(DR) caused by massive metal machines are modeled based on
geometrical optics. Furthermore, the generalized extreme value
(GEV) distribution and generalized Pareto (GP) distribution are
used to parameterize the number of clusters and rays within a
cluster, respectively. Further, the Doppler shift is modeled and
analyzed using the Gaussian distribution. Some channel statistical
characteristics are captured by the proposed model, such as
the power delay profile, root-mean-square delay spread, root-
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mean-square angle spread, inter-cluster delay, and space-time-
frequency correlation function. Then, these channel statistical
characteristics are well fitted to the ray-tracing simulations
and the channel measurements. The excellent fitting results
demonstrate the high accuracy of the proposed model, which
is crucial for future IIoT communication system design. Whats
more, this paper shows the antenna height and propagation
scenarios can significantly affect the DR ratio, which should adapt
to various IIoT communication scenarios.

Index Terms—IIoT, GBSM, DR, Scatter distribution, Doppler
shift.

I. INTRODUCTION

AFTER the fifth generation (5G) entered the commercial
deployment, international scholars and standards organi-

zations carried out the research on the next generation com-
munication systems to provide users with a more intelligent
experience [1]. The Industrial Internet of things (IIoT) is one
of the important scenarios in the beyond 5G (B5G) wireless
communications. In IIoT scenarios, the production efficiency
can be significantly improved through cooperative control and
information interaction between multi-source heterogeneous
devices. Ultra-reliable low-latency communications (uRLLC)
and massive machine-type communications (mMTC) provide
useful foundations for the IIoT applications [2], [3]. The
millimeter-wave (mmWave) technique is applied to ensure
the uRLLC and mMTC. Compared with sub-6GHz, mmWave
has shorter wavelength, which can improve the efficiency of
antenna. In addition, mmWave has a wide spectrum and strong
anti-interference performance, which can ensure the quality
of signal transmission. Therefore, mmWave is widely used in
the Internet of Things, such as smart cities, wearable devices,
telehealth, online education, and security systems. However,
there are many types of IIoT compared with other scenarios,
such as workshops, warehouses and laboratories. There are
some characteristics for IIoT channels, including rich scatters,
multi-mobility and high density. It is challenging to establish
a general channel model for IIoT environments due to the
complex channel fading patterns. Thus, it is necessary to study
the characteristics of the IIoT channel in order to build an
accurate channel model.

Research on the propagation channels in industrial environ-
ments can be traced back to 1988 [4], [5]. In the past decades,
properties of the industrial channels have been intensively
modeled. Generally, these models can be summarized into
three types. The first type includes deterministic models.
Based on the electromagnetic theory, deterministic models

This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JIOT.2023.3297621

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Southeast University. Downloaded on December 25,2023 at 06:19:44 UTC from IEEE Xplore.  Restrictions apply. 



IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. XX, XXX 2023 2

can accurately describe the propagation characteristics for a
specific environment. However, the computational complexity
is relatively high [6]. The second type includes statistical
models. The key channel parameters such as path loss (PL),
delay spread (DS), and angle spread (AS) are estimated to
study the channel characteristics [7]. But, the universality
of these models is limited in many industrial applications.
The third type includes semi-statistical and semi-deterministic
models. The geometry-based stochastic model (GBSM) is one
of the semi-statistical and semi-deterministic models. GBSM
assumes that the propagation channel is simulated by clusters,
and these clusters follow the several typical distributions.
Then, the channel impulse response (CIR) is obtained by using
the geometrical optics theory. Compared with the deterministic
and statistical models, the GBSM require lower computations
and possess better generality [8]. These models have been
widely used in many industrial applications. Accordingly, the
GBSM is used to model the industrial channels in this paper.

However, there are still several channel properties that have
not been fully considered in the existing models. For instance,
the machines in industrial environments may reflect signals
strongly [9], [10], but their specular reflected paths, called
device reflections (DR) in this paper, have not been included
and considered. Furthermore, the traditional distributions (i.e.,
Poisson and Gaussian distributions) cannot model the dense
and random scatters in IIoT scenarios accurately. Finally,
although the Doppler shift caused by movements has been
considered, the fluctuations due to machine rotations in indus-
trial scenarios have not been fully involved in GBSM [11].

To the best of the authors knowledge, there has been no gen-
eral model considering the above properties of IIoT channels,
such as the DR, metallic dense scatters, and oscillations of
equipment. To fill this gap, a novel GBSM for IIoT scenarios
is proposed in this paper. The main contributions of this paper
can be summarized as follows.

1) Compared with the existing ones, the DR components
are taken into account in the proposed mmWave-based model
under the IIoT environments. Due to the high delay resolution
at mmWave bands, the DR components can be resolvable in
the delay domain. Both the DR and ground reflection (GR)
components are modeled based on the geometrical optics of
specular reflection. The effects of the antenna height and
communication scenarios on the DR are also analyzed. The
RT results have shown that the existence of DR components,
and the DR model is accurate.

2) Owing to the short wavelength at mmWave bands and
dense scatters in the IIoT scenarios, the generalized extreme
value (GEV) and generalized Pareto (GP) distributions, instead
of the Poisson distribution, are used to model the number of
dense clusters and rich rays within a cluster in the industrial
environments, respectively. Measurement results have shown
that these distributed models are more accurate than the
traditional Poisson and Gaussian ones.

3) Gaussian distribution is used to simulate the random
Doppler shift caused by the oscillations of automated vehicles,
robotic arms, and other equipment in industrial scenarios. The
results have shown that the proposed Doppler shift model
based on the Gaussian distribution fits well with the RT results.

The rest of this paper is organized as follows. Section II
reviews the related works on industrial channel model. Sec-
tion III presents the proposed GBSM in IIoT environments.
Section IV explains the statistical characteristics based on
the proposed model. Section V presents the simulation and
verification results. Finally, Section VI concludes the paper
and presents future work directions.

II. RELATED WORKS

A. Deterministic Models

The applications of deterministic models in the design of
wireless sensor networks were described in [6], [12]. Several
deterministic channel models based on three-dimensional (3D)
ray-tracing (RT) methods were proposed for warehouse and
logistic plants in [13], [14]. The propagation characteristics at
different bands were further studied using the RT methods
in [9]. Given the tight wireless spectrum, the communica-
tions at mmWave bands were analyzed in [15], [16], and
the channel characteristics at 28 GHz and 60 GHz were
examined. In addition to the RT methods, the finite-difference
time-domain (FDTD) was another deterministic method for
industrial channel modeling [17], [18]. The above-mentioned
studies showed that the density and deployment of machine
terminals have a significant effect on signal propagation in
industrial environments. Generally, both the RT and FDTD
deterministic models can accurately describe the propagation
characteristics of an electromagnetic wave in the industrial
environments.

B. Statistical Models

The Saleh-Valenzuela (SV) statistical model [7] was used
to study the CIR in industrial environments in [19]–[22]. The
authors of [23]–[25] focused on large-scale parameters (LSPs),
including the PL, DS, and AS. These parameters were found to
be modeled by log-normal, Rician, or Rayleigh distributions.
The theoretical conclusions were supported by extensive mea-
surements performed in a number of factories [26], [27]. Some
typical small-scale parameters (SSPs), including power delay
profile (PDP) and amplitude fading, were studied in [28]–[31].
The Rayleigh and Normal distributions were used to model
the SSPs. Moreover, a few other studies paid attention to the
effects of environmental factors on channel parameters. For
instance, the effects of carrier frequencies on the PL and signal
envelope were studied in [32], [33]. The effects of antenna dis-
tance, height, and orientation on the PL and DS were examined
in [10], [34]. Although the above-mentioned studies completed
the relevant analyses of industrial channel characteristics from
different perspectives, they were mainly focused on the sub-6
GHz bands. Recently, the mmWave technology was applied to
the IIoT field. The industrial channels were analyzed in [35]–
[37], and the PL, DS, and AS models at 28 GHz – 30 GHz
were developed. In [38], the number, amplitude, and delay of
clusters were examined in several industrial environments at
the 60 GHz. In summary, the statistical model has been used
to describe the properties of industrial channel parameters.
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TABLE I
DEFINITION OF KEY PARAMETERS

Parameters Definition

φAOAqp,L (t), φEOAqp,L (t) Azimuth and elevation angles of the line of sight (LOS) path from AntRq to AntTp
ϕAODqp,L (t), ϕEODqp,L (t) Azimuth and elevation angles of the LOS path from AntTp to AntRq
φAOAn (t), φEOAn (t) Azimuth and elevation angles between Clustern and the receive array center

ϕAODn (t), ϕEODn (t) Azimuth and elevation angles between Clustern and the transmit array center

φAOAn,mn
(t), φEOAn,mn

(t) Azimuth and elevation angles between mnth ray of Clustern and the receive array center

ϕAODn,mn (t), ϕEODn,mn (t) Azimuth and elevation angles between mnth ray of Clustern and the transmit array center

φAOAGR (t), φEOAGR (t) Azimuth and elevation angles of arrival of the GR

ϕAODGR (t), ϕEODGR (t) Azimuth and elevation angles of departure of the GR

φAOADRl
(t), φEOADRl

(t) Azimuth and elevation angles of arrival of the lth DR path

ϕAODDRl
(t), ϕEODDRl

(t) Azimuth and elevation angles of departure of the lth DR path

AR
q (t), AT

p (t) 3D position vectors of AntRq and AntTp
DR
n (t), DT

n (t) 3D distance vectors between Clustern and the receive (transmit) array center

DR
n,mn

(t), DT
n,mn (t) 3D distance vectors between mnth ray of Clustern and the receive (transmit) array center

DR
q,mn

(t), DT
p,mn

(t) 3D distance vectors between mnth ray of Clustern and the AntRq (AntTp ) antenna element

DLOS
qp (t) 3D distance vector of the LOS components between AntRq and AntTp
D 3D position vector of receive array center

vR, vT ,vC Velocity vectors of Rx, Tx and clustern

rrx,LOS(t), rtx,LOS(t) Spherical unit vectors associated with azimuth φAOAqp,L (t) (ϕAODqp,L (t)) and elevation φEOAqp,L (t) (ϕEODqp,L (t))

rrx,mn (t), rtx,mn (t) Spherical unit vectors associated with azimuth φAOAn,mn
(t) (ϕAODn,mn

(t)) and elevation φEOAn,mn
(t) (ϕEODn,mn

(t))

rrx,GR(t), rtx,GR(t) Spherical unit vectors associated with azimuth φAOAGR (t) (ϕAODGR (t)) and elevation φEOAGR (t) (ϕEODGR (t))

rrx,DRl
(t), rtx,DRl

(t) Spherical unit vectors associated with azimuth φAOADRl
(t) (ϕAODDRl

(t)) and elevation φEOADRl
(t) (ϕEODDRl

(t))

C. Semi-statistical and Semi-deterministic Models

In the past decades, the application of industrial scenarios
has been considered in a number of standard GBSMs. The
European Cooperation in the field of Scientific and Technical
Research (COST) 2100 [39] and Wireless World Initiative
New Radio II (WINNER II) [40] are two common 3D
channel models. However, they have certain limitations in
industrial mmWave communication tasks. To enhance the
performance of the transmission efficiency further, massive
multi-input multi-output (MIMO) and mmWave technology
have been exploited in industrial networks. The International
Mobile Telecommunication-2020 (IMT-2020) channel model
[41] was proposed. The model has been applied only for
single-mobility tasks in industrial scenarios. Then, the Quasi
Deterministic Radio Channel Generation (QuaDRiGa) channel
model [42] and the 3rd Generation Partnership Project TR
38.901 (3GPP TR 38.901) model [43] were defined to meet
the growing demand for communications. Compared with the
IMT-2020 model, QuaDRiGa and 3GPP TR 38.901 support
more application scenarios, including dual-mobility scenarios.
Furthermore, these models consider spatial consistency but not
non-stationary property. In addition to the above-mentioned
standard organizations, several research groups have studied
channel properties in industrial environments. Two general 3D
non-stationary GBSMs were proposed to describe the spatial
non-stationary property of industrial scenarios in [44], [45].
The dense and specular multi-path components of the CIR

model in industrial environments were introduced in [46],
[47]. Moreover, a GBSM for the IIoT broadband channels
was proposed in [48], considering the parameters’ frequency
correlations. A pervasive channel model (PCM) for the sixth
generation based on the GBSM is proposed in [49], which
covers all the spectrum from sub-6GHz to the visible light
communication bands and can be applied to a variety of
scenarios, including IIoT, (ultra-)massive MIMO, and high
speed train. The considerable achievements have been made
in the research of constructing industrial channel model based
on GBSM.

III. A NON-STATIONARY IIOT 3D GBSM MODEL

This paper presents an MR × MT IIoT communication
system at the mmWave bands. Assume that MT and MR

denote the number of antennas at the transmitter (Tx) and
receiver (Rx) sides, respectively. A two-bounce propagation
mechanism is employed in the proposed model. The scattering
environments between the Tx and Rx are modeled as effective
clusters. Let Clustern represents nth cluster. Clustern is
consisted by a pair of sub-clusters, namely, the first-bounce
from Tx to the ClusterF

n
, the last-bounce from ClusterL

n
to

Rx, and the virtual link between the first-bounce and last-
bounce. The proposed GBSM model is shown in Fig. 1,
where AntTp denotes a transmitting antenna p, and AntRq is a
receiving antenna q. The other parameters are listed in Table I.
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Fig. 1. A novel general 3D GBSM for IIoT.

A. The Channel Impulse Response

This paper presents a GBSM for IIoT scenarios, including
LOS, DR, GR, and non-LOS (NLOS) components. K is
the K-factor, defined as the ratio of the total power of
LOS, GR, and DR components to the total power of N-
LOS components in the proposed model. In addition, the
proposed model assumes that KLOS , KGR, and KDR are
the ratio of the power of LOS, GR, and DR components
to the total power of NLOS components, respectively, and
KLOS +KGR +KDR = K. The CIR matrix is expressed as
an MR ×MT matrix HMR×MT

= [hqp(t, τ)]MR×MT
, where

hqp(t, τ) is defined as the impulse response between AntTp
and AntRq , and can be calculated as (1), where τn,mn(t), and
τLOSqp (t) are the delays of the mth ray within Clustern and
LOS path between AntRq and AntTp , respectively. Let τGRqp (t)
and τDRqp,l (t) represent the delays of GR and lth DR path,
respectively. N(t), Mn(t), and L(t) denote the number of
clusters, the number of rays within Clustern, and the number
of DR paths, respectively. Fig. 2 reveals the probability density
function (PDF) of CIR amplitudes in a 1×64 communication
system. The result shows that even though the power from GR
and DR components are added, the PDF of CIR amplitudes
still follow the Rician distribution. The non-central parameter
of the distribution is 0.911149 and the scale parameter is
1.1254 in Fig. 2.

The CIRs of the LOS, NLOS, GR, and DR components
are defined as (2), (3), (4), and (5), respectively, where λ
is the wavelength. The superscripts V and H denote vertical
and horizontal polarizations, respectively. Assume that dGRqp (t)
and dDRqp,l(t) are the lengths of GR and lth DR path, respec-
tively. Functions FT (·) and FR(·) are the antenna patterns
of Tx and Rx in the global coordinate system, respectively.
(·)T represents the matrix transposition operation, and || · ||
represents the Frobenius norm operation. Phases of LOS and
NLOS Φba are uniformly distributed within the range of (0,
2π], and κ is the cross polarization ratio. Pn,mn(t) indicates
the normalized mean power of the mth ray within Clustern,
which will be described in Section II-E. Section II-D will be

0 0.5 1 1.5 2 2.5 3 3.5 4
Amplitude of H

0

0.1

0.2

0.3

0.4

0.5

PD
F

Proposed Model
Rician Distribution

Fig. 2. The PDF of CIR amplitudes.

provided the Doppler shift fdopplerx (t) of the x components.
Ry||(t) and Ry⊥(t) indicate the horizontal and vertical reflection
coefficients of y components, and they are given in Appendix.
The spherical unit vectors of LOS components on Rx and
Tx sides are indicated by (6) and (7), respectively. Similarly,
rrx,L0S(t), rtx,L0S(t), rrx,GR(t), rtx,GR(t), rrx,DRl(t), and
rtx,DRl(t) can be derived [43].

rrx,mn(t)=

 sinφAOAn,mn(t) cosφEOAn,mn(t)
sinφAOAn,mn(t) sinφEOAn,mn(t)

cosφEOAn,mn(t)

 (6)

rtx,mn(t)=

 sinϕAODn,mn(t) cosϕEODn,mn(t)
sinϕAODn,mn(t) sinϕEODn,mn(t)

cosϕEODn,mn(t)

 (7)

B. Geometry Principle of DR

Previous channel measurements have shown that massive
metal machines can produce strong specular reflection paths.
Therefore, it is critical to consider the DR components in the
IIoT channel model. Fig. 3 depicts the geometric principle of
DR, where dl,q(t) and dl,p(t) denote the distances from AntRq
and AntTp to the lth reflective surface of a device, respectively.
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Moreover, hrx,q and htx,p is the height of AntRq and AntTp ,
respectively. dl,qp(t) is the distance between the projections of
AntRq and AntTp onto the lth reflective surface. These distances
can be calculated from the spatial geometric relationships.

As shown in Fig. 3, the delay and angle of the DR
components can be expressed as

dDRqp,l(t) =√
(dl,q(t) + dl,p(t))

2
+ (hrx,q(t)− htx,p(t))2

+ dl,qp
2(t)

(8)

τDRqp,l (t) =
dDRqp,l(t)

c
(9)

ϕEODDRl
(t) = φEOADRl

(t) = acr tan

(
dl,q(t) + dl,p(t)

hrx,q(t)− htx,p(t)

)
(10)

ϕAODDRl
(t) = ϕAODqp,L (t) (11)

φAOADRl
(t) = ϕAODDRl

(t) + 180◦. (12)

Specular Point of 

Antenna p for DR

Specular Point of 

Antenna q for GR

DR path
GR path

LOS path

,tx ph

, ,tx p rx qh h-

,l qd

,l pd
,l qpd

,rx qh

,rx qh

2 ,D qpd

LOS

qpD

Fig. 3. Geometric principles of the DR components.

The power of the lth DR path is assumed to be proportional

hqp(t, τ) =

√
K

K + 1

hLOSqp (t)δ
(
τ − τLOSqp (t)

)
+ hGRqp (t)δ(τ − τGRqp (t)) +

L(t)∑
l=1

hDRqp,l(t)δ(τ − τDRqp,l (t))


+

√
1

K + 1

N(t)∑
n=1

Mn(t)∑
mn=1

hNLOSqp,n,mn(t)δ (τ − τn,mn(t))

 (1)

hLOSqp (t) =

[
FT
q,V

(ϕAODqp,L (t), ϕEODqp,L (t))

FT
q,H

(ϕAODqp,L (t), ϕEODqp,L (t))

]T [
ejΦLOS 0

0 −ejΦLOS

] [
FR
q,V

(φAOAqp,L (t), φEOAqp,L (t))

FR
q,H

(φAOAqp,L (t), φEOAqp,L (t))

]
exp

(
j2π

1

λ

(
−||DLOS

qp ||+ rTrx,LOS(t) ·AR
q (t) + rTtx,LOS(t) ·AT

p (t) + fdopplerLOS (t) · t
)) (2)

hNLOSqp,n,mn(t) =

[
FT
q,V

(ϕEODn,mn(t), ϕAODn,mn(t))

FT
q,H

(ϕEODn,mn(t), ϕAODn,mn(t))

]T [
ejΦ

V V
n,mn

√
κejΦ

VH
n,mn

√
κejΦ

HV
n,mn ejΦ

HH
n,mn

] [
FR
q,V

(φEOAn,mn(t), φAOAn,mn(t))

FR
q,H

(φEOAn,mn(t), φAOAn,mn(t))

]
√
Pn,mn(t) exp

(
j2π

1

λ

(
rTrx,mn(t) ·AR

q (t) + rTtx,mn(t) ·AT
p (t)+fdopplermn (t) · t

)) (3)

hGRqp (t) =

∥∥DLOS
qp (t)

∥∥
dGRqp (t)

[
FT
q,V

(ϕEODGR (t), ϕAODGR (t))

FT
q,H

(ϕEODGR (t), ϕAODGR (t))

]T [
RGR|| (t) 0

0 −RGR⊥ (t)

] [
FR
q,V

(φEOAGR (t), φAOAGR (t))

FR
q,H

(φEOAGR (t), φAOAGR (t))

]
exp

(
j2π

1

λ

(
rTrx,GR(t) ·AR

q (t) + rTtx,GR(t) ·AT
p (t)+fdopplerGR (t) · t

)) (4)

hDRqp,l(t) =

∥∥DLOS
qp (t)

∥∥
dDRqp,l(t)

[
FT
q,V

(ϕEODDRl
(t), ϕAODDRl

(t))

FT
q,H

(ϕEODDRl
(t), ϕAODDRl

(t))

]T [
RDRl|| (t) 0

0 −RDRl⊥ (t)

] [
FR
q,V

(φEOADRl
(t), φAOADRl

(t))

FR
q,H

(φEOADRl
(t), φAOADRl

(t))

]
exp

(
j2π

1

λ

(
rTrx,DRl(t) ·A

R
q (t) + rTtx,DRl(t) ·A

T
p (t)+fdopplerDRl

(t) · t
)) (5)
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to the LOS path power PLOSqp (t). The power of the lth DR
path is calculated as

PDRqp,l (t) =

(
||DLOS(t)||
dDRqp,l(t)

)2

· PLOSqp (t). (13)

The above parameters about the LOS components will be
given in Section II-E. Similar to the DR components, the angle
and delay of GR components are determined as

dGRqp (t) =
√

(htx,p(t) + hrx,q(t))
2

+ d2
2D,qp(t) (14)

τGRqp (t) =
dGRqp (t)

c
(15)

ϕEODGR (t) = φEOAGR (t)

= 180◦ − acr tan

(
d2D,qp(t)

hrx,q(t) + htx,p(t)

)
(16)

ϕAODGR (t) = ϕAODqp,L (t) (17)

φAOAGR (t) = ϕAODGR (t) + 180◦ (18)

where d2D,qp(t) is the horizontal distance between AntRq and
AntTp . Then, the GR power is calculated as

PGRqp (t) =

(
||DLOS(t)||
dGRqp (t)

)2

· PLOSqp (t). (19)

The relationship between KGR, KDR, and KLOS can be ob-

tained from (13) and (19), i.e., KGR =
(
||DLOS(t)||
dGRqp (t)

)2

·KLOS

and KGR =
L(t)∑
l=1

(
||DLOS(t)||
dGRqp,l(t)

)2

·KLOS .

C. Numbers of Clusters and Rays within Clustern
In traditional methods, Poisson or Gaussian distribution was

commonly used to simulate the number of clusters and rays
within a cluster. However, industrial channels show rich scat-
ters and high density. Therefore, these models cannot describe
the number of clusters and rays within a cluster accurately
in industrial environments. The extensive measurement results
show that the GEV and GP distributions can be used to
simulate the number of clusters and rays within a cluster in
industrial environments [38].

The GEV distribution indicates the probability distribution
of extreme values in random variables following indepen-
dent and identically distributed (i.i.d). The number of clus-
ters N(t) follows the GEV distribution, which is given as
N(t) ∼ GEV (ke, σe, µe). The distribution function of the
GEV distribution [50] is calculated as

PGEV (N(t)) = exp

(
−
[
1 + ke

(
N(t)− µe

σe

)]− 1
ke

)
.

(20)
The PDF is expressed as

gGEV (N(t)) =
1

σe

[
1 +

σe (N(t)− µe)
ke

]−(1+k−1
e )

· exp

{
−
[
1 +

ke (N(t)− µe)
σe

]−k−1
e

}
(21)

where ke and µe denote the shape parameter and position
parameter, respectively. σe > 0 is the scale parameter. ke
determines the distribution type. ke = 0, ke > 0, and
ke < 0 represent the Gumbel extreme value distribution,
Frechet extreme value distribution, and Weibull extreme value
distribution, respectively. µe determines the minimum of the
distribution variable, and the larger µe leads to the larger
minimum of N(t). σe determines the span of tail of the
distribution, and the larger σe leads to the larger span of N(t).

The GP distribution describes the probability distribution
of excess quantities in random variables following i.i.d. The
number of rays within a cluster Mn(t) is assumed to follow the
GP distributed, i.e., Mn(t) ∼ GP (kp, σp, µp). The distribution
function of the GP distribution [51] is given as

PGP (Mn(t)) = 1−
(

1 + kp
Mn(t)− µp

σp

)− 1
kp

. (22)

The PDF is expressed as

gGP (Mn(t)) =
1

σp

(
1 + kp

Mn(t)− µp
σp

)− 1
kp
−1

(23)

where kp and µp represent the shape parameter and position
parameter, respectively. σp > 0 is the scale parameter. kp
determines the distribution type. kp = 0, kp > 0, and kp < 0
represent the Pareto I distribution, Pareto II distribution, and
Pareto III distribution, respectively. µp determines the mini-
mum of the distribution variable, and the larger µp leads to
the larger minimum of Mn(t). σp determines the span of tail
of the distribution, and the larger σp leads to the larger span
of Mn(t).

D. Doppler Shift Modeling

For the deterministic components, the Doppler shift is
defined as

fdopplerx (t) =
rTrx,X(t) · vR(t) + rTtx,X(t) · vT (t)

λc
(24)

where the subscript x = {LOS,GR,DRl} represents the LOS,
GR, or the lth DR component.

Previous research [11] showed that the oscillations of ma-
chine generate random Doppler offsets. Therefore, the Doppler
shift in industrial environments can be obtained from the
traditional Doppler shift plus a random frequency offset for
NLOS components, and is defined as

fdopplermn (t) =
rTrx,mn(t) · vR(t) + rTtx,mn(t) · vT (t)

λc
+ ∆f

(25)
where ∆f is the random Doppler frequency offset, which
follows the Gaussian distribution with the zero mean and σf
standard deviation, i.e., ∆f ∼ N(0, σf ).

E. Generation of other Parameters

The generation of other parameters involved in the proposed
model will be listed in the following.
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1) Generation of Angle: Angles φAOAn (t), φEOAn (t),
ϕAODn (t), and ϕEODn (t) of Clustern follow the wrapped
Gaussian distribution. Then, the angles of mnth ray are
obtained by the angles of Clustern plus the angle deviations
[45], can be expressed as[

φAOAn,mn(t) φEOAn,mn(t) ϕAODn,mn(t) ϕEODn,mn(t)
]

=[
φAOAn (t) φEOAn (t) ϕAODn (t) ϕEODn (t)

]
+
[

∆φAOAmn ∆φEOAmn ∆ϕAODmn ∆ϕEODmn

] (26)

where ∆φAOAmn , ∆φEOAmn , ∆ϕAODmn , and ∆ϕEODmn are the
random angular offsets of the ray and follow the Laplace
distribution with the zero mean and standard deviation of 1
degree. It is worth noting that the standard deviation of angular
offsets can be modified by measurements.

From the above parameters, the distance vectors DT
n (t) and

DR
n (t) of Clustern on the Tx and Rx sides can be respectively

obtained as

DR
n (t) = DR

n (t)

 cosφEOAn (t) cosφAOAn (t)
cosφEOAn (t) sinφAOAn (t)

sinφEOAn (t)

+ D (27)

DT
n (t) = DT

n (t)

 cosϕEODn (t) cosϕAODn (t)
cosϕEODn (t) sinϕAODn (t)

sinϕEODn (t)

 (28)

where DT
n (t) and DR

n (t) are the Frobenius norms of DT
n (t)

and DR
n (t), respectively, and they follow exponential distri-

bution. Similarly, DT
n,mn(t) and DR

n,mn(t) can be calculat-
ed. Then, the DT

p,mn(t) and DR
q,mn(t) can be obtained as

DT
p,mn(t) = DT

n,mn(t)−AT
p (t) and DR

q,mn(t) = DR
n,mn(t)−

AR
q (t), respectively.
2) Generation of Delay: The delay of LOS componen-

t is given as τLOSqp (t)=||DLOS
qp (t)||

/
c, where DLOS

qp (t) =
AR
q (t)−AT

p (t) is the the LOS distance vector between AntRq
and AntTp , and c represents the speed of light.

The delay of Clustern is expressed by τn(t). Then, the
delays of NLOS components can be written as

τn(t) =
[
||DR

n (t)|| − ||DT
n (t)||

]/
c+τ̃(t) (29)

τn,mn(t) =
[
||DR

q,mn(t)|| − ||DT
p,mn(t)||

]/
c+τ̃(t) (30)

where τ̃(t) = −rτστ lnµn represents virtual delay. rτ and στ
are the delay ratio and the delay spread factor, respectively.
µn is a random variable that follows the uniform distribution
µn ∼ U(0, 1).

3) Generation of Power: The mean power of Clustern can
be calculated as [43]

Pn(t) = exp

(
−τn(t)

rτ − 1

rτστ

)
· 10−

Zn
10 (31)

where Zn follows the Gaussian distribution of Zn ∼ N(0, σn),
and σn is the shadow fading standard deviation of Clustern.
The mean power of the mnth ray within Clustern is ex-
pressed as

P
′

n,mn(t) = exp

(
−τn,mn(t)

rτ − 1

rτστ

)
· 10−

Zn
10 (32)

Then, the mean power of the mnth ray within Clustern is
proportionally scaled at the mean power of Clustern as

P̃n,mn(t) = Pn(t)
P ′n,mn(t)∑
mn

P ′n,mn(t)
. (33)

Equation (33) is normalized as Pn,mn(t) =
P̃n,mn (t)∑

mn

P̃n,mn (t)
. It

is worth mentioning that the LOS path power is defined as
PLOSqp (t) = KLOS .

F. Time-Space Non-stationary Characteristics

Due to the time-varying characteristics and the introduction
of massive MIMO technologies, a B5G industrial channel ex-
hibits time-space non-stationary characteristics. These charac-
teristics can be described by the birth-death process of clusters
on the time-array axis [45]. The generation and recombination
rates of a cluster are denoted by λG and λR in this paper.
Assume p′ and q′ are the unit antennas different from p and q
at the time t, respectively. After time t+∆t, the joint survival
probability of a cluster of antennas q (p) and q′ (p′) on the
time-array axis is given as

Psur(∆t, δR, δT ) =

exp

[
−λR

(
δR + δT
Ds
c

+
PF (∆vR + ∆vT )∆t

Dt
c

)]
(34)

where δR =
∥∥AR

q −AR
q′

∥∥ is the spacing between the unit
antennas q and q′ in Rx array. δT =

∥∥AT
p −AT

p′

∥∥ is the
spacing between the unit antennas p and p′ in Tx array.
∆vR = E

[∥∥vR − vC
∥∥] and ∆vT = E

[∥∥vT − vC
∥∥] in-

dicate the mean relative velocities on the Rx and Tx sides,
respectively. Ds

c and Dt
c are the scenario-relevant coefficients

describing the spatial and temporal domains, respectively. PF
represents the percentage of moving clusters in an industrial
environment. Based on the birth-death process, the number of
new clusters for antenna q′(p′) is generated according to the
Poisson distribution with a mean of

E[Nnew] =
λG
λR

(1− Psur(∆t, δR, δT )) . (35)

Then, the new clusters will be assigned parameters. Mean-
while, the survival clusters CR

q (t) and CT
p (t) will be updated

with geometric position, delay, and power after ∆t, i.e.,
CT
p (t)

E→CT
p (t + ∆t) and CR

q (t)
E→CR

q (t + ∆t). Then, the
delay and power at time (t+ ∆t) are calculated based on the
new geometric position, as described in Section II-E. The new
distance vectors are calculated as

DT
n (t+ ∆t) = DT

n (t) + vT∆t (36)

DR
n (t+ ∆t) = DR

n (t) + vR∆t. (37)

IV. CHANNEL STATISTICAL CHARACTERISTICS

Channel statistical characteristics play a significant role in
wireless channel model and performance analysis. Some chan-
nel statistical characteristics are studied in this paper, include
the PDP, power ratio of DR components, root-mean-square
DS (RMS DS), root-mean-square AS (RMS AS), inter-cluster
delay, and space-time-frequency correlation function (STFCF).
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A. Time-variant Power Delay Profile

The delay and power of the Tx signal varies through
different paths to the Rx. PDP describes the dispersion of
the channel in time. The time-variant properties of PDP are
caused by the time-varying characteristics of the delay, power,
and visible clusters. The PDP is calculated as

PDP (t, τ) = PLOSqp (t)δ
[
τ − τLOSqp (t)

]
+ PGRqp (t)δ

[
τ − τGRqp (t)

]
+

L(t)∑
l=1

PDRqp,l (t)δ
[
τ − τDRqp,l (t)

]
+

N(t)∑
n=1

Mn(t)∑
mn=1

Pn,mn(t)δ [τ − τn,mn(t)]

. (38)

B. Power Ratio of DR

One of the key characteristics of this paper is the power
ratio of the DR components. It is the ratio of the total power
of the DR components to the total power of all components,
which can be written as

η(t) =
PDR(t)

PLOS(t) + PNLOS(t) + PGR(t) + PDR(t)
(39)

where PGR, PDR, PLOS , and PNLOS are the total power of
GR, DR, LOS, and NLOS components, respectively.

After normalization in Section II-E, the sum of the power
of all NLOS paths is unit one. Bringing the power of each
component in Section II into (39), the power ratio of DR
components can be calculated as

η(t) = ∑L(t)
l=1

(
‖DLOS

qp (t)‖
dDRqp,l(t)

)2

·KLOS(
1 +

(
‖DLOS

qp (t)‖
dGRqp (t)

)2

+
∑L(t)
l=1

(
‖DLOS

qp (t)‖
dDRqp,l(t)

)2
)
·KLOS + 1

.

(40)

C. Root-Mean-Square Delay Spread and Root-Mean-Square
Angle Spread

The DS is the key indicator to describe the temporal
dispersion of multi-path channels. It is also an important
parameter to determine whether the receiver needs an adaptive
equalizer or not. The RMS DS can be expressed as [27]

DS(t) =

√∑
Pk(t)τ2

k (t)∑
Pk(t)

−
(∑

Pk(t)τk(t)∑
Pk(t)

)2

(41)

where τk(t) and Pk(t) are the delay and the power of the kth
path at time t, respectively.

Similarly, the RMS AS can be calculated as

DS(t) =

√∑
Pk(t)α2

k(t)∑
Pk(t)

−
(∑

Pk(t)αk(t)∑
Pk(t)

)2

(42)

where αk(t) is the angle of the kth path at time t.

TABLE II
GENERAL SIMULATION PARAMETERS

φAOAqp,L (t0) φEOAqp,L (t0) ϕAODqp,L (t0) ϕEODqp,L (t0) Antenna Spacing
π
4
rad π

3
rad π

4
rad π

4
rad 0.5λ

TABLE III
SCENARIOS PARAMETERS OF RT.

Scenarios Workshop Lab Warehouse

Length (m) 50 12 85

Wide (m) 30 7 65

Height (m) 7 7 8

Tx Height (m) 1 0.5 2.5

Rx Height (m) 0.5 1 2.5

MR 1 1 1

MT 1 1 1

vT (m/s) 0.5 0 0

vR(m/s) 0 0 0

D. Inter-cluster Delay

The properties of rich scatters in IIoT channels lead to
considerable inter-cluster delay in IIoT channels. The inter-
cluster delay ∆τ(t) is defined as delay difference between
two subsequent clusters, which can be expressed as

∆τ(t) = τn′(t)− τn(t) (43)

where τn′(t) is the delay of Clustern′ that is different from
Clustern.

E. Space-Time-Frequency Correlation Function

The STFCF is one of the important functions in studying the
IIoT channel correlation. In this work, the time-variant transfer
function Hqp(t, f) is introduced to calculate the STFCF. Func-
tion Hqp(t, f) is the Fourier transform of hqp(t, τ) relative
to the delay τ , and can be expressed as (45), where f is
frequency. Then, the STFCF can be calculated as [52]

Rqp,q′p′(δR, δT ,∆f,∆t, f, t) =

E
[
Hqp(t, f)H∗q′p′(t+ ∆t, f + ∆f)

] (44)

where (·)∗ represents the complex conjugate operation.
In this study, it is assumed that LOS, GR, DR, and

NLOS components are independent of each other for sim-
plicity. Therefore, (44) can be further modeled as (46).
Correlation functions of LOS, GR, DR, and NLOS com-
ponents are written as (47) – (50), respectively, where
σLOS=f [τLOSqp (t) − τLOSq′p′ (t + ∆t)] + ∆fτLOSq′p′ (t + ∆t),
σGR = f [τGRqp (t) − τGRq′p′(t + ∆t)] + ∆fτGRq′p′(t + ∆t),
σDRl = f [τDRqp,l (t) − τDRq′p′,l(t + ∆t)] + ∆fτDRq′p′,l(t + ∆t),
and σNLOS=f

[
τn,mn(t)− τn′,mn′ (t+ ∆t)

]
+∆fτn′,mn′ (t+

∆t). The STFCF has high-dimensional complexity. However,
the STFCF can be reduced to the temporal auto-correlation
function (ACF), space cross-correlation function (CCF), and
frequency correlation function (FCF) by setting f , p (p′), q
(q′), and t. The STFCF can be reduced to the ACF by setting
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Fig. 4. Simulated B5G IIoT environments by RT: (a) Automatic Workshop, (b) Lab, and (c) Warehouse.

∆f = 0, p = p, and q = q′. Similarly, the STFCF can be
reduced to the CCF on the Tx or Rx side by setting ∆f = 0,
∆t = 0, and p = p′ (or q = q′). Finally, the STFCF can be
reduced to the FCF by setting ∆t = 0, p = p′, and q = q′.

V. MODEL VALIDATIONS AND ANALYSIS

The statistical properties are simulated and analyzed to
validate the accuracy and validity of the proposed IIoT channel

model. The general parameters are based on parameter esti-
mation and measurement statistics, as shown in Table II. The
percentage of the moving clusters is set to PF = 0.3 [53]. The
other parameters will be given in the analysis description.

To analyze the necessity of considering the DR components
in channel modeling, RT simulations are performed in several
typical B5G IIoT scenarios, including automatic workshop,
lab, and warehouse, as shown in Fig. 4. The power and gain
of Tx is set to 10 dBm and 5 dBi, respectively. Different

Hqp(t, f) =

∫ ∞
−∞

hqp(t, τ)e−j2πfτdτ

=

√
K

K + 1

hLOSqp (t, τ)e−j2πfτ
LOS
qp (t) + hGRqp (t, τ)e−j2πfτ

GR
qp (t) +

L(t)∑
l=1

hDRqp,l(t, τ)e−j2πfτ
DR
qp,l(t)


+

√
1

K + 1

N(t)∑
n=1

Mn(t)∑
mn

hNLOSqp,n,mn(t, τ)e−j2πfτn,mn (t)

(45)

Rqp,q′p′(δR, δT ,∆f,∆t, f, t) = RLOSqp,q′p′(δR, δT ,∆f,∆t, f, t) +RGRqp,q′p′(δR, δT ,∆f,∆t, f, t)

+RDRqp,q′p′(δR, δT ,∆f,∆t, f, t) +RNLOSqp,q′p′ (δR, δT ,∆f,∆t, f, t)
(46)

RLOSqp,q′p′(δR, δT )=
KLOS

K + 1
hLOSqp (t, τ)hLOSq′p′ (t, τ)ej2πσLOS (47)

RGRqp,q′p′(δR, δT )=
KGR

K + 1
hGRqp (t, τ)hGRq′p′(t, τ)ej2πσGR (48)

RDRqp,q′p′(δR, δT )=
KDR

K + 1

L(t)∑
l=1

L′(t)∑
l′=1

hDRqp,l(t, τ)hDRq′p′,l′(t, τ)ej2πσDRl (49)

RNLOSqp,q′p′ (δR, δT )=
Psur(∆t, δR, δT )

K + 1
E

 N∑
n=1

N∑
n′=1

Mn∑
mn=1

Mn′∑
mn′=1

hNLOSqp,n,mn(t, τ)hNLOSq′p′,n′,mn′
(t, τ)ej2πσNLOS

 (50)
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Fig. 5. PDP results of RT simulation: (a) Automatic Workshop, (b) Lab, and (c) Warehouse.
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Fig. 6. The CDFs of RMS ASA of the proposed model, measurement in
[56] for the IIoT scenario (fc = 5.5 GHz, MR = 32, MT = 64, [std(φAOAn ),
std(φEOAn ), std(ϕAODn ), std(ϕEODn )]=[35.8, 16, 20.6, 12]).

colors represent different materials, including metal, concrete,
wood, and glass (not displayed), In the DR and GR models,
the reflection coefficients are related to the material properties.
The relevant parameters for these scenarios are given in
Table III.

The simulation data are processed to obtain the PDP at t =
0.1 s and fc = 28 GHz, as illustrated in Fig. 5. It is worth
considering how to distinguish GR, DR, and other NLOS paths
for RT. The machine-learning-based approach is mentioned
in [54]. Another approach is to identify the path propagation
mechanism of RT by angle and delay, and a idea of calibration
is provided in [55]. The LOS, GR, DR, and other NLOS paths
are distinguished according to the delay, angle, and reflective
order of each path provided by RT in this paper. The results
indicate that the DR components are existed in above three
the industrial environments.

We have already performed the relevant measurement for
the IIoT scenario, and the details are described in [56].
The fitted cumulative distribution functions (CDFs) of RMS
azimuth spread of arrival(ASA) and RMS DS for the IIoT
scenario are shown in Fig. 6 and Fig. 7, respectively. 3GPP
[43] is the reference model, but the DR components proposed
in this paper are not considered. The results show that the sim-
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Fig. 7. The CDFs of RMS DS of the proposed model, measurement in [56]
for the IIoT scenario (fc = 5.5 GHz, MR = MT = 1, Dsc = 10 m, Dtc = 130
m, LOS).

ulations are well-matched to the measurements. The accuracy
of the proposed model is confirmed from time domain and
angle domain.

What’s more, RT simulation is performed to verify the
generality of the proposed model at mmWave bands. The
automated workshop, laboratory, and warehouse are the typical
examples of IIoT scenarios. The fitted CDFs of RMS DS for
the IIoT scenarios are shown in Fig 8. The results show that
the proposed model provide a better fit for RT simulation
compared with the 3GPP model without DR components
at mmWave bands. This suggests that considering the DR
components can provide a more accurate description of the
industrial channel characteristics. In addition, the fitting results
of multiple scenarios verify that the proposed model is general.

Fig. 9 displays the characteristics of DR components in
industrial environments by presenting the power ratio of DR
components for different antenna heights and KLOS factors.
It is assumed that Tx and Rx are at the same height from
the ground, and the height relative to the ground is defined
as ∆h. The different values of KLOS simulate different LOS
scenarios, such as LOS with a light surrounding clutter (LOS-
L) and LOS with a heavy surrounding clutter (LOS-H). The
greater the clutter density of the environment is, the smaller
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Fig. 8. Comparison of the RT modeled and simulated CDFs of RMS DS: (a) Automatic Workshop, (b) Lab, and (c) Warehouse ((a) fc = 28 GHz, ||D|| =
15 m, MR = MT = 1, hrx,q = 0.5 m, htx,p = 1 m, d1,q = d1,p = 1 m, d2,q = d2,p = 3 m, dl,qp = d2D,qp = 15 m, vT = 0.5 m/s, vR = 0 m/s, vC = 0.2
m/s, Dsc = 10 m, Dtc = 130 m, (b) fc = 28 GHz, ||D|| = 3 m, MR = MT = 1, hrx,q = 1 m, htx,p = 0.5 m, d1,q = d1,p = 1.5 m, d2,q = d2,p = 2.5 m,
dl,qp = d2D,qp = 3 m, vT = 0.5 m/s, vR = 0 m/s, vC = 0.2 m/s, Dsc = 10 m, Dtc = 130 m, and (c) fc = 30 GHz, ||D|| = 21 m, MR = MT = 1, hrx,q =
2.5 m, htx,p = 2.5 m, d1,q = d1,p = 2.5 m, d2,q = d2,p = 3.5 m, dl,qp = d2D,qp = 21 m, vT = 0.5 m/s, vR = 0 m/s, vC = 0.2 m/s, Dsc = 10 m, Dtc =
120 m).
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Fig. 9. Comparison of power ratio of DR components with different KLOS
factors (fc = 28 GHz, MR = 16, MT = 8, d1,q = d1,p = 1 m, d2,q = d2,p
= 3 m, dl,qp = d2D,qp = 10 m, vT = 0.5 m/s, vR = 0 m/s, vC = 0.2 m/s,
Dsc = 30 m, Dtc = 130 m).

value of KLOS is. The results reveal that the percentage
of the DR components increase with the antenna height.
This is because the total power in (39) decreases with ∆h
under the influence of antenna height only, while the power
of DR components is less affected by ∆h. In addition, the
percentage of DR components is proportional to KLOS , i.e.,
the percentage of DR components in the LOS-L scenario is
larger than that of the LOS-H scenario. What’s more, the
theoretical values are compared with the simulated values to
verify that the trend highlighted is general. The results show
that the theoretical results agree well with the simulations.
It is worth noting that the theoretical values represent the
calculated result of (40), and the simulations represent the
calculated result of substituting the power of each component
of the proposed model into (39).

To verify the accuracy of the proposed model regarding the
number of scatters, the CDFs of the inter-cluster delay are
examined, as shown in Fig. 10. The measurements from [38],
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Fig. 10. Comparison of the measured and simulated CDFs of inter-cluster
delay (fc = 60 GHz, D = [20 -5 0] m, MR = MT = 32, Dsc = 132 m,
ke = 0.39, σe = 1.14, µe = 1.64, kp = -0.12, σp = 2.32, and µp = 1).

and 3GPP channel model [37] are used for comparison. It is
worth noting that 3GPP model utilizes Poisson distribution
to simulate the number of clusters and rays. The root-mean-
square error (RMSE) is used as the statistical measure. The
RMSE of the fitting between the proposed model and the
measurements is 0.0596. The RMSE of the fitting between
the 3GPP model and the measurements is 0.1751. The results
show that the proposed model is more accurate than the
traditional distribution, since the signal is more sensitive to
obstacles during the transmission process at mmWave bands,
and the scatters are dense and random in complex industrial
environments.

In this paper, RT simulations are used to verify the validity
of the proposed Doppler shift model in industrial environ-
ments, and the results are shown in Fig. 11. The results
show that the Doppler shift in the automatic workshop fit
well with the Gaussian distribution, with the mean value of
26.75 and standard deviation of 15.0618. The RMSE of the
fitting between the model and RT is 0.0314. Consequently,
it is necessary to include random Doppler offset following
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Fig. 11. Fitting results of the Doppler shift (fc =28 GHz, MR = MT = 1,
vT = 0.5 m/s, vR = 0 m/s, vC = 0.2 m/s, and Gaussian distribution with the
mean value of 26.75 and standard deviation of 15.0618).

Gaussian distribution in the proposed model.
The simulation results of the temporal ACF are shown in

Fig. 12, where it can be seen that the simulation model matches
well with the theoretical model, which prove the accuracy of
the proposed STFCF model. Furthermore, the trend of ACFs
are tested under different variance values σf , where the value
of variance indicates the intensity of equipment’s oscillation
in industrial environments. According to the results, the larger
σf leads to the smaller temporal ACF. This may be because
the violent oscillations of the machines can cause the larger
fluctuations of signal, which reduces the temporal ACF.

The simulation results of the space CCF are presented in
Fig. 13, where it can be observed that the value of space CCF
decreases with the antenna spacing. This could be explained by
the spatial non-stationary characteristic caused by the massive
MIMO. In addition, the space CCFs with the different η(t) at
time t are compared and analyzed. The results demonstrate that
the larger power ratio of DR components leads to the smaller
value of space CCF. This is because the larger power ratio of
the DR components indicates the larger envelope fluctuations
of signal, resulting in the smaller value of space CCF.

For the MR × MT communication system, N(t) = N ,
Mn(t) = Mn and L(t) = L are assumed at time t for
simplicity. 20 + (10NMn + 6N + L + 1)MRMT + (L +
1)(MR + MT ) parameters are required to construct the CIR
of the proposed model. Compared to the proposed model,
17 + MR + MT + (10N + 10NMn + 1)MRMT parameters
are required for construction in 3GPP.

For the deterministic models, 2NMnMRMT parameters are
required to build its CIR. The CIR is expressed as

hqp(t) =

N∑
n=1

Mn∑
mn

an,mnδ(t− τn,mn) (51)

where an,mn and τn,mn represent the amplitude and delay of
the mth path within the nth cluster, respectively.

For the statistical models, 3NMnMRMT parameters are
required to build its CIR. The CIR is expressed as

hqp(t) =

N∑
n=1

Mn∑
mn=1

an,mne
jθn,mn δ(t− τn,mn) (52)
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temporal ACFs with different σf of Doppler random frequency offset (fc
= 28 GHz, MR = MT = 2, d2D,qp = 50 m, vT = 0.5 m/s, vR = vC = 0.2
m/s, Dsc = 30 m, Dtc = 100 m, NLOS).
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Fig. 13. Comparison between the normalized space CCFs with different power
ratio r of DR components (fc = 28 GHz, MR = 16, MT = 1, d2D,qp = 10
m, vR = 1 m/s, vT = 0 m/s, vC = 0.5 m/s, Dsc = 1 m, Dtc = 100 m).

where θn,mn represents the phase shift of the mth path within
the nth cluster. The computation overhead of the above models
is counted as shown in Table IV.

Although the computation overhead of deterministic or
statistical model is smaller than that the proposed model,
its accuracy depends on a high precision description of the
environment or extensive measurement activities. In addition,
the computation overhead needs to be sacrificed to improve
the accuracy of the proposed model.

VI. CONCLUSIONS

This paper has presented a 3D non-stationary GBSM for
B5G IIoT, where DR components have been constructed
according to the geometrical optics theory. The numbers of
clusters and rays within a cluster in B5G IIoT scenarios
have been modeled using the GEV and GP distributions. The
Gaussian distribution has been combined with the traditional
Doppler shift to establish the modified Doppler shift for the
IIoT channel. The key channel statistical properties have been
discussed and analyzed to verify accuracy and validity of the
proposed model, including PDP, RMS DS, RMS AS, inter-
cluster delay, Doppler shift, and STFCF. Combined with RT
simulations, the results of PDP, RMS DS, RMS AS, and
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TABLE IV
COMPUTATION OVERHEAD.

Model Number of parameters

Proposed Model 20 + (10NMn + 6N + 1 + L)MRMT + (L+ 1)(MR +MT )

3GPP Model 17 + (10NMn + 10N + 1)MRMT +MR +MT

Deterministic Model 2NMnMRMT

Statistical Model 3NMnMRMT

TABLE V
MATERIAL PROPERTIES

Material Type
Relative Permittivity Conductivity (S/m)

Frequency Range (GHz)
aε bε cσ dσ

Metal 1 0 107 0 1–100
Concrete 5.31 0 0.0326 0.8095 1–100

Wood 1.99 0 0.0047 1.0718 1–100
Glass 6.27 0 0.0043 1.1925 1–100

Doppler shift indicate the accuracy of the proposed model.
The fitting results between the simulated and the measurement
on inter-cluster delay reflect the good performance of the
proposed model. The study demonstrates that the percentage of
DR components is inversely proportional to the antenna height,
and the percentage of DR components in LOS-H scenario is
higher than that in LOS-L scenario. Furthermore, the simulated
temporal ACFs and space CCFs describe the correlation of
the proposed model at time and space domains, respectively.
The above results reveal that the proposed model can support
uRLLC and mMTC for IIoT communication systems.

However, there is a lack of more convincing measurements
to support this model. Therefore the future work could further
validate the accuracy of the proposed IIoT GBSM with more
available channel measurements. Moreover, the proposed IIoT
GBSM can be expanded to the the 6G channel modeling given
the space-time-frequency consistency of industrial channels.

APPENDIX
REFLECTION COEFFICIENTS CALCULATION

The reflection coefficients of the parallel and vertical polar-
izations for the DR components in the proposed model can be
respectively expressed as [57]

RDRl‖ (t) =

εDRl
ε0

cosϕEODDRl
(t) +

√
εDRl
ε0
− sin2(ϕEODDRl

(t))

εDRl
ε0

cosϕEODDRl
(t)−

√
εDRl
ε0
− sin2(ϕEODDRl

(t))

(53)

RDRl⊥ (t) =
cosϕEODDRl

(t) +
√

εDRl
ε0
− sin2(ϕEODDRl

(t))

cosϕEODDRl
(t)−

√
εDRl
ε0
− sin2(ϕEODDRl

(t))
.

(54)
In the above equation, the complex relative dielectric con-

stant of a material is calculated as
εDRl
ε0

= εr − j
σ

2πfcε0
(55)

where the electric constant is 8.854187817...×10−12 F · m−1.
In a wireless propagation scenario, the values of relative

dielectric constant εr and electrical conductivity σ are both

frequency-dependent parameters [58], and they can be respec-
tively expressed as

εr = aε ·
(
fc

109

)bε
(56)

σ = cσ ·
(
fc

109

)dσ
. (57)

The relevant parameters of εr and σ can be found in
[59]. Relevant parameters of the material from 1 GHz to
100 GHz are presented in Table V. Similarly, the reflection
coefficients of the parallel and vertical polarizations for the
GR components can be calculated.
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Electronics and Communications in 2018. He has been serving as an Editorial
Board Member of the International Journal of RF and Microwave Computer-
Aided Engineering since 2014, and an Associate Editor of the Electronics
Letters since 2019.

Hong-Bo Zhu was born in Yangzhou, China, in
1956. He is currently the standing Director of the
Chinese Institute of Electronics and the Director of
the Jiangsu Key Laboratory of Wireless Communi-
cations, Nanjing University of Posts and Telecom-
munications. He has authored and co-authored over
100 journal papers and over 60 invention patents
authorized. In the past five years, he has undertaken
over 30 projects at the national, provincial and min-
isterial level. His research interests include wireless
communications, Internet of Things, and EMC.

This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JIOT.2023.3297621

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Southeast University. Downloaded on December 25,2023 at 06:19:44 UTC from IEEE Xplore.  Restrictions apply. 


