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Abstract—Industrial Internet of things (IoT) environment is
one of the typical scenarios in the beyond fifth generation
(B5G) networks. In this paper, a general three dimensional (3D)
geometry-based stochastic model (GBSM) is proposed for the
industrial IoT environments. Typical channel parameters, such
as the power, delay, azimuth angle of arrival (AAOA), azimuth
angle of departure (AAOD), elevation angle of arrival (EAOA),
elevation angle of departure (EAOD) are combined to model the
channel impulse response (CIR). The spatial consistency of the
parameter is achieved by the sum of sinusoids (SOS) method.
The spatial non-stationarity is modeled by describing the birth
and death of the clusters under the industrial environments. To
support the broadband channel, the CIR is modeled at each
bin of the whole spectrum and the frequency correlation of
the parameters is taken into account. Extensive simulated and
measured results validate the credibility of the proposed model.

I. INTRODUCTION

The beyond fifth generation (B5G) wireless communication
systems have been widely studied recently. Industrial Internet
of things (IoT) environment is one of the typical scenarios
in the B5G networks. In the industrial IoT environment, the
cooperation and automatic control can be achieved by the
multi-source information interactions between the machines.
Thus, the industrial IoT channel should support the ultra-
reliable and low latency communication (uRLLC). Analysis
and modeling of the channel characteristics are very important
to construct an uRLLC network under the industrial IoT
environment.

The channel characteristics under the industrial environ-
ments have been intensively studied since 1987 [1]-[3]. The
modeled and measured results under the industrial environ-
ments have been reported in the past decades. Generally,
they could be categorized into five distinctive types. The
first type was the large scale fading model. Influences of the
distances between the transmitter (Tx) and the receiver (Rx),
the central frequencies, and the obstacles on the path loss
had been measured and modeled [4]-[6]. The second type was
to model the number of multipaths. The typical distributions,
such as Poisson, Beta and Gaussian, were utilized to model

the number of the multipaths [2],[4]. The third type was
about the correlations of the channel parameters, such as the
root mean square (RMS) delay spread, the shadowing factor
(SF) and the Tx-Rx distance [5],[7]. The empirical correlation
models of the above parameters were established for various
scenarios. The fourth type was about the amplitude fading
[8]-[11]. The distributions, i.e., Rician, Nakagami, segment-
Nakagami and mixed Gamma-Lognormal were used to model
the amplitude fadings under the line-of-sight (LOS) and the
non-LOS (NLOS) environments. The fifth type was about the
channel impulse response (CIR) [12]-[14]. Based on the Saleh-
Valenzuela (SV) model, the CIR was simulated and analyzed.

Basically, the above models mainly focused on the single-
input-single-output (SISO) channels. However, SISO technol-
ogy can not realize the uRLLC system. To construct the
uRLLC system for the industrial IoT environment, massive
multiple-input- multiple-output (MIMO) combined with the
millimeter wave (mmwave) technology should be utilized.
Massive MIMO technology can support multiple users to share
the same transmitted resources and mmwave can provide the
sufficient spectrum for the communication systems. Thus, the
characteristics of the massive MIMO channel at the mmwave
band for the industrial environment should be considered. As
the number of antennas increases, the massive MIMO channel
exhibits the spatial non-stationarity [15]. The geometry-based
stochastic model (GBSM) in [16] described the spatial non-
stationarity of the massive MIMO channel, but the spatial
consistency of the channel parameters was not considered.
Although the 3GPP and QuaDRiGa models supported the
spatial consistency of the parameters [17]-[18], the spatial
non-stationarity was not taken into account. A spatial non-
stationary and spatially consistent channel model will be more
important for the industrial IoT scenarios. Motivated by this
reason, a general three dimensional (3D) GBSM for the indus-
trial IoT environments is proposed. The main contributions of
this paper are

• A CIR model combined of several typical channel param-



eters, such as the power, delay, azimuth angle of arrival
(AAOA), azimuth angle of departure (AAOD), elevation
angle of arrival (EAOA), and elevation angle of departure
(EAOD) , is proposed for the industrial environments. The
spatial consistency of the channel is modeled by the sum
of sinusoids (SOS) method.

• The spatial non-stationarity of the massive MIMO chan-
nel is modeled by describing the birth and death of the
clusters under the industrial environments.

• This proposed model is suitable for the broadband chan-
nel under the industrial IoT environment. The CIR model
is established at each bin of the whole bandwidth and the
frequency correlations of the parameters are considered.

II. A GENERAL 3D GBSM FOR INDUSTRIAL IOT
ENVIRONMENTS

The schematic diagram of the proposed GBSM is shown
in the Fig. 1. Base station (BS) is a large array composed
of NB antennas, and user side (US) is composed of NU

distributed antennas. This paper considers the uplink where
US is the Tx and BS is the Rx. To illustrate clearly, only
the lth (l=1, 2,...Nqp) NLOS path is shown in this figure,
where Nqp is the total number of NLOS paths between the
pth transmitted antenna AT

p and the qth received antenna AR
q .

AT
p (t) and AR

q (t) are the position vectors of AT
p and AR

q ,
respectively. This model adopts the two-bounce propagation
mechanism. The lth path is represented by a pair of clusters,
i.e., the first-bounce cluster CA

l and the last-bounce cluster
CZ

l . CA
l and CZ

l are the position vectors of CA
l and CZ

l ,
respectively. Dlm

q (Dlm
p ) is defined as the distance vector from

AR
q (AT

p ) to the rays within CZ
l (CA

l ). DL
qp is the distance

vector of the LOS path from AT
p to AR

q . Also, ϕAAOA
qplm (ϕEAOA

qplm )
is defined as the azimuth (elevation) angle from the mth ray
of the cluster CZ

l to AR
q and ϕAAOD

qplm (ϕEAOD
qplm ) is defined as

the azimuth (elevation) angle from AT
p to the mth ray of the

cluster CA
l , respectively. ϕAAOD

qpL , ϕAAOA
qpL , ϕEAOD

qpL , ϕEAOA
qpL

are the AAoD, AAoA, EAoD, EAoA of the LOS path from
AT

p to AR
q , respectively. The movements of the Tx, Rx, CA

l ,
CZ

l are denoted by the speeds vX , where X = {T,R,A,Z} .
The parameters are summarized in Table I.

A. Proposed 3D GBSM

A 3D GBSM for the industrial environments is proposed.
On the basis of 3GPP standardized channel model [17], the
spatial non-stationary characteristics and the spatial consisten-
cy are considered in the proposed model. Furthermore, this
proposed model is suitable for the broadband channel.

Let hqpf (τ ,t) represents the CIR between AT
p and AR

q at
the f th frequency bin. The CIR can be expressed as a sum of
the LOS and NLOS components

hqpf (τ, t) =

√
K(t)

K(t) + 1
hL
qpf (t)δ(τ − τLqp(t)) (1)

+

√
1

K(t) + 1

Nqp(t)∑
l=1

Ml∑
m=1

hqplm(t)δ(τ − τ lmqp (t))
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Fig. 1. The schematic diagram of the proposed GBSM model

where p = 1, 2...MT , q = 1, 2...MR, and f = 1, 2...NF . K(t)
is the Rician factor.

The LOS components can be expressed as (2) at the top
of the next page, where ·T denotes the transpose operation.
τLqp(t) is the delay of the LOS path at time t. The functions
FV
qf (FV

pf ) and FH
qf (FH

pf ) are the antenna patterns of AR
q (AT

p )
for the vertical and horizontal polarizations, respectively. θV V

L

and θHH
L are the initial phases with uniform distributions over

(0, 2π]. rLp (t) and rLq (t) are the unit vectors in the direction of
departure and arrival angle of the LOS path between AT

p and
AR

q , respectively. λf denotes the wavelength of the f th bin.
νLqp(t) represents the time variant Doppler shift of the LOS
components and can be expressed as

νLqp(t) =
rLq (t) · (vR(t)− vT (t))

λf
(3)

The NLOS components can be expressed as (4) at the top
of the next page, where P lm

qpf (t), τ lmqp (t) are the power and
delay of the mth ray within the lth cluster. Ml is the total
number of rays within the lth cluster. rlmp (t)(rlmq (t)) is the
unit vector in the direction of departure (arrival) angle of the
mth ray within the lth cluster. The time variant Doppler shift
of the NLOS components can be calculated as

νlmqp (t) =
rlmp (t)(vT (t)− vA(t)) + rlmq (t)(vR(t)− vZ(t))

λf
(5)

For the broadband channel, the bandwidth Bc is divided
into NF bins. The range of f th bin is [fc − Bc

2 + (f −
1) Bc

NF
, fc−Bc

2 +f Bc

NF
]. The CIR at each bin can be modeled as

same as above. Then the transfer function at each bin can be
achieved by Fourier transform. Finally, the transfer functions
over the whole bandwidth can be obtained by adding the
transfer functions of all bins.

Hqpf (ξ, t) =

+∞∫
−∞

hqpf (τ, t)e
−j2πξτdτ (6)

Hqp(ξ, t) =

NF∑
f=1

Hqpf (ξ, t) (7)



TABLE I
SUMMARY OF KEY PARAMETER DEFINITION

Symbol Definition
AT

p /AR
q The pth/qth Tx/Rx antenna

AT
p /AR

q position vectors of AT
p /AR

q

CA
l /CZ

l first/last-bounce cluster of the lth path
CA

l /CZ
l the position vectors of CA

l /CZ
l

ϕAAOD
qpL /ϕEAOD

qpL AAOD/EAOD of the LOS path from AT
p to AR

q

ϕAAOA
qpL /ϕEAOA

qpL AAOA/EAOA of the LOS path from AT
p to AR

q

ϕAAOD
qplm /ϕEAOD

qplm AAOD(EAOD) of the mth ray impinging in CA
l from AT

p

ϕAAOA
qplm /ϕEAOA

qplm AAOA(EAOA) of the mth ray impinging in AR
q from CZ

l

Dlm
q /Dlm

p distance vector between AR
q (t)/AT

p (t) and the mth ray within CZ
l /CA

l

hL
qpf (t) =

[
FV
qf

(
ϕAAOA
qpL , ϕEAOA

qpL

)
FH
qf

(
ϕAAOA
qpL , ϕEAOA

qpL

) ]T [ ejθ
V V
L 0

0 −ejθ
HH
L

][
FV
pf

(
ϕAAOD
qpL , ϕEAOD

qpL

)
FH
pf

(
ϕAAOD
qpL , ϕEAOD

qpL

) ]
×

√
Nqp(t)∑
l=1

Ml(t)∑
m=1

P lm
qpf (t)× e

−j2π(
|DL

qp(t)|−rLq (t)·AR
q (t)−rLp (t)·AT

p (t)

λf
+νL

qp(t))

(2)

hlm
qpf (t) =

[
FV
qf (ϕ

AAOA
qplm (t), ϕEAOA

qplm (t))

FH
qf (ϕ

AAOA
qplm (t), ϕEAOA

qplm (t))

]T  ejΦ
V V
lm ejΦ

V H
lm√

klm(t)

ejΦ
HV
lm√

klm(t)
ejΦ

HH
lm

[ FV
pf (ϕ

AAOD
qplm (t), ϕEAOD

qplm (t))

FH
pf (ϕ

AAOD
qplm (t), ϕEAOD

qplm (t))

]

×
√
P lm
qpf (t)× e

j2π(
rlmq (t)·AR

q (t)+rlmp (t)·AT
p (t)

λf
+νlm

qp (t))

(4)

The CIR can be determined by the Fourier transform

hqp(τ, t) =
1

2π

+∞∫
−∞

Hqp(ξ, t)e
j2πξτdξ (8)

B. Spatially consistent parameters

When initializing the angles and delays, the SOS method in
the QuaDRiGa channel model is utilized to ensure the spatial
consistency of the small scale parameters [18]. The steps are
illustrated as following.

First, the azimuth and elevation angles are generated ac-
cording to the initial positions of Tx and Rx. For example,
the initial AAOD from AT

p to CZ
l can be calculated as

ϕAAOD
qpl (t0) =

π

2
erfc

(
Xϕ

l (A
T
p (t0)) +Xϕ

l

(
AR

q (t0)
)

2

)
− π

2
(9)

where Xϕ
l is a spatially correlated and standard normal dis-

tributed variable generated by SOS method.
Then the initial ϕAAOD

qplm (t0) can be calculated as

ϕAAOD
qplm (t0) = ϕAAOD

qpl (t0) +
π · cASD · ϕ̂m

180o
(10)

where ϕ̂m is the offset angular and cASD is the angular spread
of the AAOD of the lth cluster.

The other angular parameters of the clusters, ϕAAOA
qpl (t),

ϕEAOD
qpl (t), ϕEAOA

qpl (t) can be generated similarly.

Second, the delays of the NLOS components can be calcu-
lated as

τ lmqp (t) = τ̃l(t) +
Dlm

q (t) +Dlm
p (t)

c
(11)

where τ̃l(t) is the virtual and unilateral exponential distributed
delay between CA

l and CZ
l . According to the locations of the

first and the last clusters, the virtual delay can be obtained as.

τ̃l(t) = −ln
1

2
erfc

Xτ
l

(
CA

l (t)
)
+Xτ

l

(
CZ

l (t)
)

2
√
ρτ
(
DL

qp(t)
)
+ 1

 (12)

where Xτ
l a spatially correlated and standard normal distribut-

ed variable generated by SOS method.
Because the initial positions of the clusters cannot be

determined, we use the initial positions of Tx and Rx to
generate the initial virtual delay

τ̃l(t0) = −ln
1

2
erfc

−
Xτ

l

(
AT

p (t0)
)
+Xτ

l

(
AR

q (t0)
)

2
√
ρτ
(
|DL

qp(t0)|
)
+ 1


(13)

Then the initial delay of each cluster can be calculated as

τ lqp(t0) = τ̃l(t0) + τLqp(t0) (14)

The initial delays of all the rays in one of the clusters
are assumed to be the same. According to the initial delay
and angular parameters, the initial positions of the clusters
can be determined by following the method described in the
QuaDRiGa model [18].



Finally, the initial power of the cluster is calculated accord-
ing to the delay.

P l
qpf (t0) = e−τ l

qp(t0)·g
DS
f (t0) × 10

−Zn

10
(15)

where Zn represents the shadowing effect that the cluster
experiences during the propagation.

Similarly, the initial power of the rays with the cluster is
calculated as

P̃ lm
qpf (t0) = e−τ lm

qp (t0)·gDS
f (t0) × 10

−Zn

10
(16)

P lm
qpf (t0) =

P̃ lm
qpf (t0)

Ml∑
m=1

P̃ lm
qpf (t0)

P l
qpf (t0) (17)

C. Update the parameters on the time axis

Following the movements of the Tx, Rx, and clusters, the
positions should be updated as

AT
p (t)=AT

p (t0) +

∫ t

t0

vT (s)ds (18)

AR
q (t)=AR

q (t0) +

∫ t

t0

vR(s)ds (19)

CA
l (t)=CA

l (t0) +

∫ t

t0

vA(s)ds (20)

CZ
l (t)=CZ

l (t0) +

∫ t

t0

vZ(s)ds (21)

Then these updated positions should be substituted into (12)
to calculate the delays of each ray in the clusters again.

Next, according to the updated positions of Tx, Rx, and
clusters, the AAOD and EAOD of each ray in the clusters can
be calculated as

ϕAAOD
qplm (t) = arctan(

Dlm
p (t)|y

Dlm
p (t)|x

) (22)

ϕEAOD
qplm (t) = arcsin(

Dlm
p (t)|z

|Dlm
p (t)|

) (23)

where Dlm
p (t)|s (s = x, y, z) are the coordinates of x-axis,

y-axis and z-axis, respectively.
The AAOA and EAOA can be updated similarly.
Finally, the power of the rays within the clusters is updated

as (15)-(17).

D. Model the spatial and time-domain non-stationarity

The spatial and time-domain non-stationarity is modeled
by describing the birth and death of the clusters under the
industrial environments.

The survival probability of a cluster for the different anten-
nas at the Tx side can be expressed as

Psur(p, p
′) = e

−
λR|AT

p (t)−AT
p′ (t)|

Da
c (24)

E[Nng(p, p
′)] =

λG

λR
(1− Psur(p, p

′)) (25)

where Nng represents the number of newly generated clus-
ters. λG and λR represent the birth and death rates of the
clusters, respectively. The coefficient Da

c describes the spatial
coherence distance. The typical value of Da

c in the industrial
environments is 10m. The survival probability of the clusters
at the Rx side can be obtained similarly.

Furthermore, the survival probability of a cluster at different
snapshots can be expressed as

Psur(∆t) = e
−λRPF (∆vR+∆vT )(∆t)

Da
c (26)

∆vR = |vR − vZ |, ∆vT = |vT − vA| (27)

where ∆t is time difference of the two snapshots, respectively.
Then the number of newly generated clusters due to the
movements of the USs and clusters can be determined as
similar as (25).

E. Derivation of Space-Time-Frequency Correlation Function

The space-time-frequency correlation function (STFCF) of
the channel is defined as

Rpp′qq′(∆ξ,∆t, ξ, t) = E[H∗
qp(ξ, t)Hq′p′(ξ +∆ξ, t+∆t)]

(28)
Substituting (7) into (28), we can get

Rpp′qq′ =

NF∑
i=1

NF∑
j=1

Rij
pp′qq′ (29)

where Rij
pp′qq′ is the STFCF between the ith and jth bins.

According to the Fourier transform, Rij
pp′qq′ can be ex-

pressed as

Rij
pp′qq′ =

K(t)

K(t) + 1
Rij,L

pp′qq′ +
1

K(t) + 1
Rij,N

pp′qq′ (30)

Rij,L
pp′qq′ = E[hL∗

qpfi
(t)hL

q′p′fj
(t+∆t)

×ej2π(ξτ
L
qp(t)−(ξ+∆ξ)τL

q′p′ (t+∆t))]
(31)

Rij,N
pp′qq′ = E[

Nqp(t)∑
l=1

Ml∑
m=1

hlm∗
qpfi

(t)hlm
q′p′fj

(t+∆t)

×Psur × ej2π(ξτ
lm
qp (t)−(ξ+∆ξ)τ lm

q′p′ (t+∆t))]

(32)

Furthermore, we can get several important correlation func-
tions of the channel by simplifying the STFCF. Let q = q′,
p = p′, ∆ξ = 0, the autocorrelation function (ACF) can
be calculated. Set q = q′, p = p′, ∆t = 0, the frequency
correlation function (FCF) can be obtained. The the space
cross-correlation function (CCF) at the Rx(Tx) side can be
achieved when ∆ξ = 0, ∆t = 0 and p = p′(q = q′).

III. RESULTS AND ANALYSIS

In this section, the results of the proposed model are val-
idated and analyzed. The spatial consistency of the proposed
model is tested by analyzing the variations of the parameters,
such as, the delays and angles, along a trajectory. Then the
accuracy of the proposed model is proved by the measured
results. Finally, the analytical correlation functions, i.e, ACF,
FCF, CCF are validated by the simulated results.
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A. spatial consistency of the proposed model

The spatial consistency of the proposed model means that
the positions of the clusters should be spatially correlated. For
example, two closely spaced USs should experience similar
clusters. Since the positions of the clusters are determined
by the parameters, such as AAOA, EAOA, AAOD, EAOD
and delays, two closely spaced USs must possess similar pa-
rameters. Due to space limitations, only the simulated delays,
AAOA and AAOD of several clusters when the US moves
along a trajectory with a length of 50m are depicted in Fig.2-
4. As seen in these figures, all the above parameters change
smoothly over the trajectory, which indicates that the clusters
of any two closely spaced USs are similar. Therefore, the
spatial consistency is achieved in the proposed model.

B. Accuracy of the proposed model

To validate the accuracy of the proposed model, the simulat-
ed results are compared with the measured ones in [19] under
two different industrial environments. The RMS delay spread
is selected as the statistical parameters for the comparisons.
The simulated RMS delay spread and the measured ones
are shown in Fig.5 . The results show that the simulated
RMS delay spread match well with the measured ones, which
validates the proposed model.
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C. Accuarcy of the analytical correlation functions

Finally, the analytical correlation functions of the ACF, FCF,
CCF are validated by the simulated results under the LOS
and NLOS environments. The Rician factor is assumed to be
1 under the LOS environments. Fig.6-8 show the analytical
results compared with simulated ones. All of the correlation
functions are normalized. The frequency separation, time
separation and antenna index are selected as the x-lables of
Fig.6-8, respectively. All the correlation functions decrease
with the x-lables. All the analytical correlation functions match
well with simulated ones, which proves the correctness of the
analytical correlation functions.
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the LOS environments. fc = 28 GHz and Bc = 1GHz. NB = 128. The
coordinate of the central at the BS side is [0 0 10] and the space of the
adjacent antennas is two wavelengths. NU = 1 and the coordinate is [20 30
1.5]. λG = 80 and λR = 4. vA = 1m/s and vZ = 1m/s. The coefficient
Da

c is 10m.
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Fig. 8. The analytical CCFs compared with the simulated ones under the
LOS and NLOS environments. The Rician factor is assumed to be 1 under
the LOS environments. fc = 28 GHz and Bc = 1GHz. NB = 128. The
coordinate of the central at the BS side is [0 0 10] and the space of the
adjacent antennas is two wavelengths. NU = 1 and the coordinate is [20 30
1.5]. λG = 80 and λR = 4. The coefficient Da

c is 10m.

IV. CONCLUSION

In this paper, a general 3D GBSM has been proposed for the
industrial IoT environments. Under the proposed framework,
the power, delay, AAOA, AAOD, EAOA, and EAOD have
been combined to model the CIR. The spatial consistency has
been obtained by the SOS method. The spatial non-stationarity
has been modeled by describing the birth and death of the
clusters under the industrial environments. To support the
broadband channel, the CIR has been modeled at each bin and
the frequency correlation has been taken into account. Based
on the proposed model, the STFCF has been derived.

Extensive simulated and measured results have been utilized
to validate the accuracy proposed model. First, the delay,
AAOA and AAOD have changed smoothly over the trajectory,
which proves the spatial consistency of the proposed model.
Then the simulated RMS delay spread has compared with the
measured ones and results have shown the accuracy of the
proposed model. Finally, the analytical ACF, FCF, CCF have
been obtained by simplifying the STFCF and compared with
the simulated ones. Results have indicated the correctness of
the derived STFCF.

The proposed model may be used to design the uRLLC
systems under the industrial IoT environments.
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