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Abstract—In this paper, a three-dimensional (3D) geometry-
based stochastic model (GBSM) for a massive multiple-input
multiple-output (MIMO) communication system employing prac-
tical discrete intelligent reflecting surface (IRS) is proposed.
The proposed channel model supports the scenario where both
transceivers and environments move. The evolution of clusters
in the space domain and the practical discrete phase shifts are
considered in the channel model. The steering vector is set at the
base station for the cooperation with IRS. Through studying sta-
tistical properties, the non-stationary properties are verified. We
find that IRS plays a role in separating the whole channel and
makes the absolute value of time autocorrelation function (ACF)
larger than the situation without employing IRS. Time ACF of
the case using discrete phase shifts is also compared with the
continuous case.

Index Terms—IRS, channel modeling, GBSM, discrete phase
shifts, channel statistical properties.

I. INTRODUCTION

W ITH the advent of a new information era, larger volume
of data, higher transmission rate, and better quality of

service are appealed by users [1], [2]. The fifth generation (5G)
wireless communication has been commercially used around
the world recently. Although the most appropriate applications
matching with 5G have not been developed well yet. But the
potential benefits that 5G will bring to the society and eco-
nomics deserve looking forward to. The peak data rate of 5G is
about twenty times as the fourth generation (4G) wireless com-
munication. The connection density is around ten times as 4G.
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We can clearly see the amazing advance 5G achieves. But the
cost of this large performance promotion is the large economic
cost and the huge power cost on account of the large amount
of antennas, denser base stations (BS), and higher transmitting
power. At the same time, the communication system is more
complicated than before. We need to overcome these disad-
vantages during developing the sixth generation (6G) wireless
communication. The researchers have proposed some solu-
tions to achieve it. Among all these new solutions, intelligent
reflecting surface (IRS) draws much attention due to its unique
advantages. IRS is a category of metamaterial which is made
of sub-wavelength elements arranged in a specific order [3].
It has some properties totally different from material in the
nature, such as negative refractive index. IRS is often com-
posed of a large amount of passive device elements, having
low power consumption and low prices.

Two main research directions are developed on IRS. One is
employing IRS as transmitter or receiver to design a commu-
nication system. Another one is using IRS as wireless relay to
reconfigure the communication environment. The mechanism
that IRS can change the propogation direction of electromag-
netic wave is the phase gradient distribution on IRS that is
called The Generalized Snell’s Law [4]. In [5], the researchers
presented a totally new wireless communication system using
programmable metasurface as a transmitter. This new architec-
ture did not need any complex algorithm of signal processing,
any filter or power amplifier. They used a metasurface with
8 × 32 cells as transmitter to design this 8-phase shift-keying
(8PSK) communication system working at 4.25 GHz, achiev-
ing an acceptable bit error rate and 6.144 Mbps transmission
data rate. The authors in [6] designed an architecture realiz-
ing quadrature phase shift keying (QPSK) over the air without
channel coding with a 16 × 8 IRS. The phase of unit cells on
this IRS was directly controlled by the baseband signal. This
system achieved the transmission rate of 2.048 Mbps. They
also found that through increasing the transmitting power by
5 dB, the performance of bit error rate can be the same with
the conventional channel coding system. In [7], the researchers
designed a prototype with IRS having 256 elements and the
phase shift resolution was 2-bit. This system had flexible
software and modular hardware including a host for setting
parameters, the universal software radio peripherals (USRPs)
for baseband and radio frequency (RF) signal processing, as
well as the IRS for signal transmission and reception. The
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performance evaluation showed that the antenna gain can be
21.7 dBi at 2.3 GHz and 19.1 dBi at 28.5 GHz.

About the second main research direction, recent research
mainly focused on the optimization design of the reflecting
coefficients, channel estimation, application in physical secu-
rity, etc. References [8], [9] both proposed a simple two
ray model to elaborate that the basic idea of the second
research direction is eliminating the phase difference among
the multipath signals, making the multipath fading mitigated.
The difference between the distances that two rays travel is
the main factor considered in [8]. In [9], the authors did not
only consider the distance factor but also the Doppler shift
difference caused by the motion of transceivers. They drawed
an important conclusion that through employing the real-time
tunable IRS, the fading effect caused by the Doppler shift can
be greatly mitigated.

The transmitting power and reflecting coefficients was cor-
porately designed for a downlink multiple-input single-output
(MISO) communication system with multiple users [10]. The
maximized sum-rate was set as the object of this non-convex
problem. They tackled this problem by using the alternating
maximization and the majorization-minimization simultane-
ously and the numerical results showed that the promotion
could be up to forty percent with the condition of no additional
power. Reference [11] also considered the MISO scenario with
multiple users but the optimization target was alternated as
energy efficiency and the resolution of IRS is low, only 1-bit.
The simulation result showed that with low resolution IRS, the
system can also provide a higher energy efficiency than the
conventional relay system. Authors in [12] studied a similar
scenario as [11]. They designed the transmit power allocation
and the phase shifts of IRS with two methods, gradient descent
search and sequential fractional programming. The authors
in [13] presented an idea of a joint optimization problem on
spectrum efficiency. Reference [14] minimized the transmit-
ting power at BS considering a MISO system with multiple
users assisted by IRS bounded by users’ signal to interference
plus noise (SINR). Reference [15] considered the problem
maximizing the achievable rate by designing the transmitting
beamforming and IRS beamforming jointly under the condi-
tion that the phase and amplitude of the reflecting coefficients
are related to each other. They derived this relationship through
a circuit model. They gave out a suboptimal solution with a
low-complexity based on the alternating optimization method.
A communication scenario with multiple information decod-
ing receivers (IDR) and energy harvesting receivers (EHR)
was considered in [16].

A physical safety problem employing IRS was researched
in [17]. Reference [18] moved out the assumption of the
continuous phase shifts and changed the problem into a mixed-
integer nonlinear program. And a secrecy rate maximization
problem under a severe scenario that the eavesdropping
channel is stronger than the legitimate channel was solved
through applying the alternating optimization and semidefi-
nite relaxation methods. This article maximized the weighted
sum of power at EHRs constrained by SINR at IDRs.
These optimization problem are considered based on one
assumption that the channel distribution information can be

totally known at BS and IRS. In fact, most of these papers
about the optimization problem on IRS assumed a sim-
ple channel distribution, such as Rayleigh distribution or
Rician distribution. A more complicated distribution which
is Nakagami’s m-distribution was considered in [19]. This
paper also proposed a hardware model, a signal model and
a path loss model. When it comes to the realization of IRS
in the real world, narrowband channel model is not accu-
rate any more. So some researchers were devoted to studying
the channel estimation about IRS. Reference [20] proposed
a channel estimation protocol based on the minimum mean
squared error (MMSE) for a multi-user MISO system. The
main idea of this protocol is separating the coherence time
of the estimated channel into two parts, the former one is
for channel estimation and the latter one is for transmission
according to the estimation results. During the first period, all
the elements are closed at the beginning and then the elements
of IRS are opened one by one to estimate the corresponding
channel information. Reference [21] proposed a channel esti-
mation method according to the pilots received from the users
and derived the channel estimation error in closed form. The
influence on system performance caused by the phase error
was studied in [22]. Reference [23] proposed a channel esti-
mation method that is based on compressed sensing and deep
learning.

Besides these two main directions, combining high
frequency communication with IRS is also an attractive
research field. For higher transmission rate, higher frequency
band communication is an inexorable trend in the future [24].
With the communication frequency rising, the wavelength is
getting shorter and the size of IRS can be smaller resulting in
more convenient installation of IRS. Terahertz (THz) commu-
nication combined with IRS was studied in [25]. Visible light
communication with IRS was researched in [26].

An appropriate channel model is very important for system
design and performance evaluation. There were also few
research achievements coming out about channel modeling
with IRS recently. Reference [4] derived the path loss expres-
sion for the far-field case from the point of view of physical
propogation. Reference [27] demonstrated a generalized path
loss expression which is correct but complicated for both far-
field and near-field cases. Then the authors started from this
to the other three special cases which are far-field case, near-
field case, and broadcasting case to derive the expressions.
All the situations did not consider the direct link between
the transmitter and the receiver. They all assumed that there
exists a line of sight (LoS) component. Moreover this arti-
cle also derived the beamforming design on IRS making
the path loss minimum. In [19], the authors combined the
5G channel model with IRS to demonstrate that IRS and
decode-and-forward (DF) relays can complement each other’s
shortages and IRS can not replace DF relays completely.
In [28], a channel model based on the standardized chan-
nel model was proposed considering two different scenarios
which are indoor and outdoor. This article set the path loss for
every ray respectively. It did not support the MIMO application
and movements. Moreover the scatterers’ distribution was also
simple.
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Fig. 1. A wireless communication scenario using IRS.

To the best of our knowledge, an appropriate channel
model for IRS is still missing in this area. This paper pro-
poses a geometry-based stochastic channel model (GBSM),
which supports the movements of transceivers and clusters,
and the evolution of clusters in space domain. The reflecting
coefficients design based on the minimum path loss is also
considered. The steering vector is set at BS to cooperate with
IRS. Finally, the simulation results and analytical results are
compared to prove the accuracy of this channel model.

The remainder of this paper is organized as follows.
Section II describes the system model, main assumptions,
and some important technical terms in channel modeling.
Section III describes the channel model in details and we
derive the channel impulse response (CIR). In Section IV,
the statistical properties of the proposed channel model are
calculated. In Section V, the simulation results are presented.
Finally, we draw conclusions in Section VI.

II. SYSTEM MODEL

Let us consider a MIMO communication scenario employ-
ing IRS as illustrated in Fig. 1. BS is equipped with MB
antennas. USER is equipped with MU antennas and IRS
employs Mxy passive reflecting elements. Here Mxy is cal-
culated as Mx × My , where Mx and My are the numbers of
elements on horizontal and vertical directions of IRS, respec-
tively. BS and USER are both uniform linear arrays. IRS is
a uniform plane array. All the antenna elements are omnidi-
rectional. There are three sub-channels in this communication
system, i.e., the channel between BS and IRS, the channel
between IRS and USER, and the channel between BS and
USER. The whole channel coefficients matrix is denoted as
Htotal. Then, the channel coefficients matrix can be expressed
as [30]

Htotal = (HIUΦHBI + HBU)f

=
(√

SFBISFIUPLBIUhIUΦhBI

+
√

SFBUPLBUhBU

)
f (1)

where HBI ∈ C
Mxy×MB , HIU ∈ C

MU×Mxy , and HBU ∈
C

MU×MB are the corresponding channel coefficients matrices,
respectively. H and h are the channel coefficients matrices con-
sisting of large scale fading and not consisting of large scale
fading respectively. The reflecting coefficients matrix of IRS is

Fig. 2. A scenario for deriving reflecting coefficients.

presented as Φ, which is a diagonal matrix whose dimension
is Mxy × Mxy . In this article, we mainly consider two kinds
of large scale fading, shadowing effect and path loss. SFBI,
SFBU, and SFIU are corresponding log normal random vari-
ables of different sub-channels to model the shadowing fading
effect. PLBU denotes the path loss of the sub-channel which
is between BS and user. PLBIU is the path loss of the cas-
caded channel assisted by IRS. f is the steering vector of BS.
The calculation of all the above denotations will be discussed
later.

We will also describe some important technical terms in
channel modeling which will be discussed in Section III-A.
As we all know, the transmitted electromagnetic signal will
experience multiple physical interactions with different objects
in the propagation environment and finally be received and
summed by the receiver. This effect is known as multi-path
effect. The interacting objects are named as scatterers. One
scatterer corresponds to one ray. The rays reflected or scattered
by these objects are called multi-path components (MPCs). A
cluster is a group of MPCs with similar properties such as
propogation delay, ray power, and angle of arrival or departure.
Different propogation ways between two antenna elements of
two communication terminals are called paths. In the proposed
twin cluster channel model, one path corresponds to a pair of
clusters. The propagation between two clusters or between one
cluster and one communication terminal is called one bounce.

III. A NOVEL 3D IRS MIMO GBSM

A. Description of the Channel Model

1) The Reflecting Coefficient Matrix Setting: Indeed, the
design of reflecting coefficients matrix is a complex problem.
In specialized optimization problem, it is usually solved
through some complex algorithms. To simplify the analysis of
the channel model, we consider a special issue for the system
with IRS. To illustrate the idea, we need to consider a situ-
ation of the transmitter (Tx) and the receiver (Rx) employed
with single antenna shown in Fig. 2 first. Another important
assumption is that the directions of peak radiation of the trans-
mitting and receiving antennas point to the center of IRS. Then
we will use the steering vector to expand the conclusion to the

Authorized licensed use limited to: Southeast University. Downloaded on August 09,2021 at 09:55:29 UTC from IEEE Xplore.  Restrictions apply. 



SUN et al.: 3D NON-STATIONARY CHANNEL MODEL FOR 6G WIRELESS SYSTEMS EMPLOYING IRS 499

situation that Tx and Rx are equipped with multiple antennas
to support the proposed channel model that Tx and Rx are
equipped with multiple omnidirectional antennas.

In Fig. 2, Tx and Rx are both employed with one antenna.
Here we need to introduce the two approaches of locating the
elements on IRS. Because this will be used to bridge the gap
between the index of the reflecting coefficients matrix and the
index of IRS. (x, y) is an ordered pair meaning the location
index of each element on IRS. Mx and My are the num-
bers of elements on horizontal and vertical directions of IRS.
For a uniform linear array that is one dimensional (1D). We
only need one number to position each element. To reduce
the dimension of the matrix, we can transform the two dimen-
sional (2D) index pair (x, y) into this one number r through
traversing IRS by row. The transformation expression is

r = (x − 1)My + y . (2)

The transformation from r to (x, y) is shown as

x = r//My + 1 (3)

and

y = mod
(
r ,My

)
(4)

where // means the integer division and mod(·) denotes the
delivery operator. The approach we locate each element is
shown in Fig. 3. In the discussion of channel coefficients matri-
ces below, we will mainly use one index to locate the elements
on IRS.

The distances between Tx with single antenna and each
element on IRS are denoted as r t

x ,y . The distances between
RX and each element are presented as rr

x ,y . δIx and δIy are
the interval of the elements of IRS on two directions. φx ,y is
the phase of the corresponding element on IRS. With these
premises, we can get the relationship between the received
power Pr and the transmitted power Pt shown as [27]

Pr = Pt
δIx δIy λ2

64π3

∣∣∣∣∣∣∣

Mx∑
x=1

My∑
y=1

e
−j(2π(rrx ,y+rtx ,y)−λφx ,y)

λ

rr
x ,yr t

x ,y

∣∣∣∣∣∣∣

2

(5)

where λ is the wavelength. From (5), we can easily see that
the received power is maximized when the phase shifts fulfill

φx ,y = mod

(
2π
(
rr
x ,y + r t

x ,y

)

λ
, 2π

)
. (6)

More detailed derivation can be seen in [27]. So the reflecting
coefficients matrix can be obtained according to (6). Here we
need to use one index r to replace (x, y)to locate one element.
The matrix is thus shown as

Φ = diag
(
ejφ1 , ejφ2 · · · ejφr · · · ejφMxy

)
(7)

where diag(·) means the operation of generating a diagonal
matrix through arranging the numbers in the embrace as its
elements on the leading diagonal line in order. When it comes
to implement IRS in the real world, we must consider the
situation that the phase shifts are with finite resolution. So the
values of elements in the matrix Φ will be selected in a set

Fig. 3. The ordered pair for locating elements on 2D IRS.

with a finite number of values. Here we consider that IRS has
a 2-bit quantization. The phase shifts set is {π

4 , 3π
4 , 5π

4 , 7π
4 }.

We just need to replace the value of {φ1, φ2, . . . , φr · · ·φMxy
}

with the value in this set nearest by them.
The channel model we propose needs to support the situa-

tion of Tx and Rx employed with multiple antennas. To follow
the former conclusion suitable for single antenna situation, we
should guarantee the peak radiation of all the antennas still
points to the center of IRS. According to [31], we can add
extra phase shifts for every element on Tx to achieve this
goal. These phase shifts on Tx generate the steering vector.
The steering vector can be expressed as [31]

f =
[
c1(Ω), c2(Ω) · · · cm(Ω) · · · cMT

(Ω)
]

(8)

where Ω means the direction pointing to the center of IRS, and
cm(Ω) is the extra phase shift coefficients of the mth antenna.
And the coefficients are calculated as [31]

cm(Ω) = exp
(
j2πλ−1〈e(Ω), rm〉 + j2πνl t

)
(9)

where νl is the Doppler shift. 〈·〉 denotes the dot product of
two vectors. e(Ω) and rm are the unit vector of the depar-
ture direction and the vector related to the antenna interval.
(xm , ym , zm ) is the Cartesian value of the mth element on
BS. The spatial relationship is shown in Fig. 4. dx , dy and dz

are usually valued as half of the wavelength. The unit vectors
of the departure direction is calculated as

e(Ω) = (cos θ cos Φ, cos θ sin Φ, sin θ). (10)

The vector rm is calculated as [32]

rm =
(
xm − dx , ym − dy , zm − dz

)
. (11)

2) Large Scale Fading Channel Coefficient: About large
scale fading, we consider two parts of it. The first one is
shadowing fading, the other one is path loss. To make the
channel model more general, we model these two properties
for every sub-channel. Under some situations, different sub-
channels may share the same large scale fading. Shadowing
effect is mainly caused by the obstruction between Tx and Rx.
In (1), we use SFBI, SFBU, and SFIU to present the corre-
sponding shadowing fading effect of different sub-channels.
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Fig. 4. Steering vector setting.

Fig. 5. The vector relationship among three terminals.

The probability density function can be written as

pSF (x ) =
2

xσSF ln 10/10
exp

(
−
(
10 log10 x2 − μ

)2
2σSF

2

)

(12)

where σSF is shadowing standard derivation determined by
the scenario, μ is the mean value of this random variable with
the unit of dB.

About path loss, we classify it into two kinds, one is path
loss of the sub-channel between BS and USER, the other
one is path loss of the cascaded channel assisted by IRS.
PLBU is denoted as path loss of the sub-channel which is
between BS and user. PLBIU is the path loss of the cascaded
channel assisted by IRS. For the former one, we employ the
path loss expression of the standardized QuaDRiGa channel
model [29] as

PL[dB]
BU = −A · log10 d[km] − B − C · log10 f[GHz] (13)

where A, B, and C are the parameters determined by the
communication scenario. Through substituting the optimized
reflecting coefficients into (5), we can obtain the path loss of
the sub-channel assisted by IRS as

PLBIU =
δIx δIx λ2

∣∣∣∑Mx
x=1

∑My

y=1
1

r t
x ,yr

r
x ,y

∣∣∣2

64π3
. (14)

3) Small Scale Fading Channel Coefficient Matrix: To
make the channel model more accurate and more general,
we use a GBSM to model it. This kind of channel model is

Fig. 6. The method of finding the elements through the center.

composed of deterministic parts and stochastic parts. The for-
mer one mainly includes some system parameters such as the
location information of the transceivers, the velocities of the
mobile user or the BS, the scenario and so on. The latter one
usually includes the scatterers’ and the clusters’ distribution.

We will firstly introduce how to determine the basic location
relationship among three communication terminals which are
BS, IRS, and USER at initial time. Here we use three vectors
pointing from one of them to another. They are denoted as
DBI, DIU, and DBU. In more detail, DBI is the vector pointing
from the first element to the center of IRS at initial time. DIU
is the vector pointing from the center of IRS to the first element
of USER at initial time. DBU is the vector pointing from the
first element of BS to the first element of USER at initial
time. The pointing relationship is shown in Fig. 5. Actually
we only need to set any two of them to determine the whole
location relationship because three vectors are constrained by
the expression shown as

DBU = DBI + DIU. (15)

The method of placing three terminals is determined by
some angle parameters and interval parameters. Let βB

A and
βB
E be the azimuth angle and elevation angle of BS linear

array. βU
A and βU

E are the azimuth angle and the elevation

angle of USER linear array, respectively. βIx
A and β

Iy
A are

azimuth angles of two extending directions of IRS. Elevation
angles of two extending directions of IRS are denoted as βIx

E

and β
Iy
E . δB, δU, δIx and δIy represent the antenna elements

interval of BS, USER, and two extending directions of IRS
respectively. The qth, rth, and pth elements on BS, IRS, and
USER are denoted as AB

q , AI
r , and AU

p . Here we use one index
approach to locate the elements on IRS which is equivalent to
the ordered pair index. According to these parameters, we can
determine the vectors pointing from the first element or the
center to the other elements. They are respectively denoted as
lBq , lIr , and lUp . lBq is the vector from AB

1 to AB
q . lIr is the vector

from the center of IRS to AI
r . lUp is the vector from AU

1 to
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TABLE I
DEFINITIONS OF MAIN PARAMETERS FOR THE PROPOSED IRS-ASSISTED CHANNEL MODEL

AU
p . The vector lIr is shown in Fig. 6. They are calculated as

lBq = (q − 1)δB
[
cos βB

E cos βB
A, cos βB

E sin βB
A, sin βB

E

]

(16)

lUp = (p − 1)δU
[
cos βU

E cos βU
A , cos βU

E sinβU
A , sin βU

E

]

(17)

and

lIr =
(

Mx + 1
2

− x
)

lIX +
(

y − My + 1
2

)
lIY (18)

where x and y can be transformed from r according to (3)
and (4). lIX and lIY are calculated as

lIX = δIx
[
cos βIx

E cos βIx
A , cos βIx

E sin βIx
A , sin βIx

E

]
(19)

and

lIY = δIy
[
cos β

Iy
E cos β

Iy
A , cos β

Iy
E sin β

Iy
A , sin β

Iy
E

]
. (20)

The total number of clusters between AB
q and AI

r at time
instant t is denoted as N BI

qr (t). Similarly the number of clusters
between AB

q and AU
p at time instant t is denoted as N BU

qp (t)
and the number of clusters between AI

r and AU
p at time instant

t is denoted as N IU
rp (t). After interacting with the scatterers,

the transmitted signal will be changed in power or in phase.
These changed signal rays will be received and summed by
the receiver together. Here we only consider the two clusters
which are nearest by Tx and Rx. In the BS-IRS sub-channel,
the nth cluster near BS is denoted as CA,BI

n , the one near IRS
is denoted as CZ ,BI

n . Similarly, in the other two sub-channels,
the clusters near the transmitters and near the receivers are
denoted as CA,IU

n , CZ ,IU
n , CA,BU

n , and CZ ,BU
n . The other

bounces between this two clusters are modeled as one virtual
link which will be discussed later. There are some scatter-
ers in one cluster. Correspondingly, in BS-IRS sub-channel,
the mth scatterers in CA,BI

n and CZ ,BI
n are denoted as SA,BI

mn

and SZ ,BI
mn . For the paths of the other two sub-channels, the

scatterers are denoted as SA,IU
mn , SZ ,IU

mn , SA,BU
mn , and SZ ,BU

mn .
We could determine relative position relationship between

scatterers and any antenna elements through using one distance
parameter and two angle parameters. The three parameters can

Fig. 7. The GBSM for IRS channel.

determine the relative position relationship between scatterers
and the first element of the linear array or the center of IRS.
Let φ

B,BI
A,mn

and φ
B,BI
E ,mn

be azimuth angle of departure (AAoD)
and elevation angle of departure (EAoD) of the mth ray at ini-
tial time. Similarly, φ

I,BI
A,mn

and φ
I,BI
E ,mn

are the azimuth angle
of arrival (AAoA) and the elevation angle of arrival (EAoA) of
the ray coming from SZ ,BI

mn received by the center of IRS. The
angle parameters for the other two sub-channels are denoted as
φ

I,IU
A,mn

, φ
I,IU
E ,mn

, φ
U,IU
A,mn

, φ
U,IU
E ,mn

, φ
B,BU
A,mn

, φ
B,BU
E ,mn

, φ
U,BU
A,mn

, and

φ
U,BU
E ,mn

. The distances between any scatterer and any antenna

element at initial time instant are denoted as dB,BI
q,mn , d I,BI

r ,mn ,
dB,BU
q,mn , dU,BU

p,mn , d I,IU
r ,mn , and dU,IU

p,mn . With the motion of termi-
nals and clusters, the distances will change and influence the
calculation of the delay. For example, dB,BI

q,mn will change into
dB,BI
q,mn (t) at time instance t. The main parameters and the twin

cluster channel model are illustrated in Fig. 7.
In the proposed model, the mobilities of BS, clusters, and

USER are supported. The speed vectors of BS, USER and
clusters at different time instances are denoted as vB(t),
vU(t), vAn (t) and vZn (t). We assume that they can only
move in a 2D plane. So only one angle can determine the
directions of their movements which are presented as αB(t),
αU(t), αAn (t), αZn (t). The main parameters are summarized
in Table I.

Then we will illustrate how to generate the small scale
fading channel coefficients matrix. Without loss of generality,
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we mainly use the BS-IRS sub-channel to demonstrate this
procedure. The elements in the small scale fading matrix
hBI are denoted as hqr ,BI(t , τ) that represents the chan-
nel coefficients between AB

q and AI
r at time instant t. It is

calculated as

hqr ,BI(t , τ) =

√
K

K + 1
hL
qr ,BI(t , τ)

+

√
1

K + 1
hN
qr ,BI(t , τ). (21)

Similarly, we can obtain the CIR between AI
r and AU

p and the
CIR between AB

q and AU
p . They are shown as

hrp,IU(t , τ) =

√
K

K + 1
hL
rp,IU(t , τ) +

√
1

K + 1
hN
rp,IU(t , τ)

(22)

and

hqp,BU(t , τ) =

√
K

K + 1
hL
qp,BU(t , τ)

+

√
1

K + 1
hN
qp,BU(t , τ). (23)

Obviously, it is obtained by summing two weighed com-
ponents. The former one is the line-of-sight (LoS) compo-
nent, and the latter one is non-line-of-sight (NLoS) com-
ponent. Their weights are determined by the Rician factor
K. According to the previous assumption of omnidirectional
antenna, the antenna pattern is ignored in the following
calculation. We calculate the NLoS component as [33]

hN
qr ,BI(t , τ) =

Nqr,BI(t)∑
n=1

Mn∑
mn=1

√
Pqr ,BI,mn

(t)

ej2πfcτqr,BI,mn (t) · δ(τ − τqr ,BI,mn
(t)
)

(24)

hN
rp,IU(t , τ) =

Nrp,IU(t)∑
n=1

Mn∑
mn=1

√
Prp,IU,mn

(t)

ej2πfcτrp,IU,mn (t) · δ(τ − τrp,IU,mn
(t)
)

(25)

and

hN
qp,BU(t , τ) =

Nqp,BU(t)∑
n=1

Mn∑
mn=1

√
Pqp,BU,mn

(t)

ej2πfcτqp,BU,mn (t) · δ(τ − τqp,BU,mn
(t)
)

(26)

where τqr ,BI,mn
(t) denotes the delay of the propagation link,

AB
q → SA,BI

mn → virtual link → SZ ,BI
mn → AI

r . Similarly,
τrp,IU,mn

(t) and τqp,BU,mn
(t) denote the corresponding pro-

pogation links, AI
r → SA,IU

mn → virtual link → SZ ,IU
mn →

AU
p , and AB

q → SA,BU
mn → virtual link → SZ ,BU

mn → AU
p .

Pqr ,BI,mn
(t) is the power of the ray interacting with SA,BI

mn

and SZ ,BI
mn . Prp,IU,mn

(t) is the power of the ray interacting

with SA,IU
mn and SZ ,IU

mn . Pqp,BU,mn
(t) is the power of the ray

interacting with SA,BU
mn and SZ ,BU

mn . δ(·) denotes Dirac delta
function. The ray delays are calculated as [33]

τqr ,BI,mn
(t) = dqr ,BI,mn

(t)/c + τv
n,BI (27)

τrp,IU,mn
(t) = drp,IU,mn

(t)/c + τv
n,IU (28)

and

τqp,BU,mn
(t) = dqp,BU,mn

(t)/c + τv
n,BU (29)

where c is the light speed. τv
n,BI, τv

n,IU, and τv
n,BU rep-

resent the virtual link delay between CA,BI
n and CZ ,BI

n ,
the virtual link delay between CA,IU

n and CZ ,IU
n , and the

virtual link delay between CA,BU
n and CZ ,BU

n , which are
all modeled as a random variable that follows an exponen-
tial distribution determined by the scenario. dqr ,BI,mn

(t) is

the sum of two propagation distances, AB
q → SA,BI

mn , and

SZ ,BI
mn → AI

r . drp,IU,mn
(t) is the sum of two propagation

distances, AI
r → SA,IU

mn , and SZ ,IU
mn → AIU

p . dqp,BU,mn
(t)

is the sum of two propagation distances, AB
q → SA,BU

mn , and

SZ ,BU
mn → AU

p . They are calculated as

dqr ,BI,mn
(t) =

∣∣∣
∣∣∣dB,BI

q,mn
(t)
∣∣∣
∣∣∣+
∣∣∣
∣∣∣dI,BI

r ,mn
(t)
∣∣∣
∣∣∣ (30)

drp,IU,mn
(t) =

∣∣∣
∣∣∣dI,IU

r ,mn
(t)
∣∣∣
∣∣∣+
∣∣∣
∣∣∣dU,IU

p,mn
(t)
∣∣∣
∣∣∣ (31)

and

dqp,BU,mn
(t) =

∣∣∣
∣∣∣dB,BU

q,mn
(t)
∣∣∣
∣∣∣+
∣∣∣
∣∣∣dU,BU

p,mn
(t)
∣∣∣
∣∣∣ (32)

where || · || means Frobenius norm. d
B,BI
q,mn (t) is the vector

pointing from AB
q to SA,BI

mn . Similarly, d
I,BI
r ,mn (t) is the vector

from AI
r to SZ ,BI

mn . dI,IU
r ,mn (t) is the vector from AI

r to SA,IU
mn .

dU,IU
p,mn (t) is the vector from AU

p to SZ ,IU
mn . dB,BI

q,mn (t) is the

vector from AB
q to SA,BI

mn . dB,BU
q,mn (t) is the vector from AB

q to

SA,BU
mn . d

U,BU
p,mn (t) is the vector from AU

p to SZ ,BU
mn . d

B,BI
q,mn (t),

and dI,BI
r ,mn (t) are calculated as [33]

dB,BI
q,mn

(t) = dB,BI
mn

−
[
lBq +

∫ t

0

(
vB(t ′)− vAn

(
t ′
))

d t ′
]

(33)

and

dI,BI
r ,mn

(t) = dI,BI
mn

−
[
lIr +

∫ t

0

(
−vZn

(
t ′
))

d t ′
]

(34)

where d
B,BI
mn and d

I,BI
mn are calculated as

dB,BI
mn

= dB,BI
mn[
cos φB,BI

E,mn
cos φB,BI

A,mn
, cos φB,BI

E,mn
sin φB,BI

A,mn
, sin φB,BI

E,mn

]
,

(35)

and

dI,BI
mn

= d I,BI
mn[

cos φ
I,BI
E ,mn

cos φ
I,BI
A,mn

, cos φ
I,BI
E ,mn

sinφ
I,BI
A,mn

, sin φ
I,BI
E ,mn

]
.

(36)
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It should be stressed that all the velocities in this article are
2D vectors. So the elevation angle is zero. And we only give
one example of calculating the velocity vector:

vB(t) = vB(t)
[
cos αB(t), sin αB(t), 0

]
. (37)

In the expression of dB,BI
q,mn (t), the second item lBq reflect

the spatial non-stationarity and the third item, the integral
one shows the time non-stationarity. The other four vec-
tors dI,IU

r ,mn (t), dU,IU
p,mn (t), dB,BU

q,mn (t), and dU,BU
p,mn (t) can be

calculated similarly.
In (21)-(23), the LoS components are calculated as

hL
qr ,BI(t , τ) = ej2πfcτL

qr,BI(t) · δ
(
τ − τL

qr ,BI(t)
)

(38)

hL
rp,IU(t , τ) = ej2πfcτL

rp,IU(t) · δ
(
τ − τL

rp,IU(t)
)

(39)

hL
qp,BU(t , τ) = ej2πfcτL

qp,BU(t) · δ
(
τ − τL

qp,BU(t)
)

(40)

where τL
qr ,BI(t) is the propogation delay of LoS component

between AB
q and AI

r . τL
rp,IU(t) is the propogation delay of

LoS component between AI
r and AU

p . τL
qp,BU(t) is the pro-

pogation delay of LoS component between AB
q and AU

p . They
are calculated as

τL
qr ,BI(t) = Dqr ,BI(t)/c (41)

τL
rp,IU(t) = Drp,IU(t)/c (42)

and

τL
qp,BU(t) = Dqp,BU(t)/c (43)

where Dqr ,BI(t) = ||Dqr ,BI(t)|| is the distance between AB
q

and AI
r at time instant t. The power of the LoS component

is set as 1 here on account that the important thing for small
scale fading is the relative relationship between power of LoS
component and NLoS components which can be adjusted by
the Rician factor K. So for the sake of simplicity, we set the
power of LoS component as 1. The vector is calculated as [33]

Dqr ,BI(t) = DBI − lBq + lIr −
∫ t

0
vB(t ′) d t ′. (44)

The other two vectors Drp,IU(t), and Dqp,BU(t) can be
calculated similarly.

After obtaining the CIR expressions of three sub-channels,
We can apply Fourier transformation to them and obtain trans-
fer functions of different sub-channels, which are hqr ,BI(t , f ),
hrp,IU(t , f ), and hqp,BU(t , f ). If we omit the steering vec-
tor and large scale fading effect, we can obtain the final CIR
between AB

q and AU
p which is denoted as hqp,total (t , f ). It is

calculated as

hqp,total (t , f ) = hqp,BI(t , f )

+
Mxy∑
r=1

hqr ,IU(t , f ) · hrp,BU(t , f ) · ejθr (t) (45)

where θr (t) is the phase shift that AI
r provides at time instant t.

According to (6), it can be calculated as

θr (t) = mod

(
2π
(
D1r ,BI(t) + Dr1,IU(t)

)
λ

, 2π

)
. (46)

4) The Distribution of Scatterers in a Cluster: Two coor-
dinates are defined firstly, one is Global Coordinate System
(GCS) and the other one is Local Coordinate System (LCS).
GCS sets the first antenna element or the center of IRS as
its origin. LCS sets the center of the cluster as its origin.
(x , y , z , φ, θ) is the coordinate value of GCS. The first three
values are the coordinate values of the rectangular system.
The other two are the angle values of the spherical coordi-
nate system. The value of LCS is (x ′, y ′, z ′, φ′, θ′). We could
transform one into the other one through using bearing angle
α, downtilt angle β and slant angle γ to generate the rota-
tion matrix [35]. The transformation is based on the theory
that any 3D rotation can be divided into three rotations only
around rotating axis when the order of rotating axis is deter-
mined. Under this condition, the three angles are fixed. The
relationship between two sets of rectangular coordinate values
is shown as

[
x ′, y ′, z ′

]
= [x , y , z ] · R (47)

where R is the rotation matrix, which is calculated as

R =

⎡
⎣

cos α − sin α 0
sinα cos α 0

0 0 1

⎤
⎦
⎡
⎣

cos β 0 sin β
0 1 0

− sin β 0 cos β

⎤
⎦

⎡
⎣

1 0 0
0 cos γ − sin γ
0 sin γ cos γ

⎤
⎦. (48)

The Gaussian scatterer density model is often used in
channel modeling and this assumption is verified by the mea-
surement data [34]. The probability density function of three
rectangular values of LCS can be written as [33]

p
(
x ′, y ′, z ′

)
=

exp
(
− x ′2

2σ2
x
− y ′2

2σ2
y
− z ′2

2σ2
z

)

(2π)
3
2 σxσyσz

(49)

where σx , σy , and σz are the variances of three coordinate
values, respectively.

5) Evolution of Clusters in Space Domain: When using the
large antenna array, the visibility of the same cluster for dif-
ferent antenna elements is different. This will bring the space
non-stationarity. The evolution procedure finishes one direc-
tion first and the evolution result is used as the initial state
of the second one to evolve on the other direction. The death
rate and the generating rate of clusters are denoted as λD and
λB respectively. The expected value of the initial number of
clusters is calculated as Nc0 = λB/λD . IRS(x , y) means the
element whose index is (x, y). The death probability on X
direction is calculated as [33]

Pxdeath = exp

(
−λB

δIx cos βIx
E

DA
C

)
. (50)

where DA
C is the correlation factor depending on the sce-

nario. The method of cluster evolution from IRS(x–1, 1) to
IRS(x, 1) is generating a random vector following the uniform
distribution whose number of elements equals to the number
of clusters and comparing them with Pxdeath . If the death
probability is larger than the generated element in the ran-
dom vector, the corresponding cluster is invisible for the next
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Fig. 8. The evolution procedure of the clusters on the 2D plane.

antenna element IRS(x, 1). Then we consider the new clus-
ter generation for IRS(x, 1). The number of new clusters is
denoted as Nx which follows the Poisson distribution [36].
The expected value of this variable is calculated as

E[Nx ] =
λB

λD
(1 − Pxdeath). (51)

The maximum cluster index of the next element increases by
this value compared to the last element. For another direction,
the different thing is the organization of the uniform distributed
variables. The number of the random variables is Mx ×My . At
last, we will obtain a matrix whose dimension is Mx ×My ×
Nc0, containing the information whether the clusters is visible
for every antenna element. In Fig. 9, the simulation result of
one cluster evolution on a 2D array for a specific situation
is shown. The birth and death rate are set as λB = 80 and
λD = 4, respectively. There are λB/λB = 20 clusters totally.
Here we choose the 10th cluster. We can see that its visibility
is not the same for elements on IRS array.

Finally, we can give out the whole procedure of generating
the channel coefficients matrix as shown in Fig. 10.

IV. STATISTICAL PROPERTIES AND RESULTS ANALYSIS

In this section, some typical statistical properties of the
proposed non-stationary theoretical IRS channel model are
derived. In the following discussion, we will omit the
influence of BS-USER sub-channel for the sake of sim-
plicity. That is to say, the cascaded channel assisted by

Fig. 9. The evolution of one cluster on a 2D IRS array. (λB = 80, λD = 4,

fc = 58 GHz, Mx = My = 128, βIx
E = π/3, β

Iy
E = π/6).

Fig. 10. The whole procedure of generating the channel coefficients matrix.

IRS is the main object researched. In fact, in most situa-
tions of applying IRS, this sub-channel can be neglected.
There are also another two important assumptions, one is
that CIR of different sub-channels are uncorrelated, the
other one is that LoS component and NLoS component are
uncorrelated.

A. Correlation Function

Time varying CIR is a kind of random process. Time auto-
correlation function (ACF) is defined as the correlation of
response value at two time instances. This function reflects
how fast channel changes over time. Spatial cross-correlation
function (CCF) is defined as the correlation of response value
between different antenna elements or IRS elements. Similar to
the time ACF, this statistical property reflect the rate of change
over the antenna array. Time ACF will be discussed first. The
situation of one IRS element will be discussed. After that we
will talk about the situation with multiple IRS elements and
introduce spatial CCF.

After omitting the BS-USER sub-channel, the transform
function between AB

q and AI
r can be rewritten as

hqp,part (t , f ) =
Mxy∑
r=1

hqr ,BI(t , f ) · hrp,IU(t , f ) · ejθr (t).

(52)
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The simulated time varying time ACF between AB
q and AU

p
can be shown as

Rqp,sim(t , f ;Δt)
= E
{
hqp,part (t , f )h∗qp,part (t + Δt , f )

}
(53)

where (·)∗ denotes the complex conjugate operator. If we
consider only one element AI

r on IRS, equation (53) can be
rewritten as

Rqp,r ,sim(t , f ;Δt)

= E
{
hqr ,BI(t , f )h∗qr ,BI(t + Δt , f )

}

× E
{
hrp,IU(t , f )h∗rp,IU(t + Δt , f )

}

× ejθr (t)−jθr (t+Δt). (54)

The analytical result can be written as

Rqp,r ,ana (t , f ;Δt)
= Rqr ,BI,ana(t , f ;Δt) × Rrp,IU,ana(t , f ;Δt)

× ejθr (t)−jθr (t+Δt) (55)

where the analytical result of the time ACF between AB
q and

AI
r is calculated as

Rqr ,BI,ana(t , f ;Δt) =
K

K + 1
RL

qr ,BI(t , f ;Δt)

+
1

K + 1
RN

qr ,BI(t , f ;Δt) (56)

where K is the Rician factor. RN
qr ,BI(t , f ;Δt) and

RL
qr ,BI(t , f ;Δt) are the NLoS component and LoS component

of ACF, which are calculated as

RN
qr ,BI(t , f ;Δt)

=
Nqr,BI(t)∑

n=1

Mn∑
mn=1

[
Pqr ,BI,mn

(t)Pqr ,BI,mn
(t + Δt)

]1/2

ej
2π(fc−f )

c [dqr,BI,mn (t)−dqr,BI,mn (t+Δt)] (57)

and

RL
qr ,BI(t , f ;Δt) = ej

2π(fc−f )
c [Dqr,BI(t)−Dqr,BI(t+Δt)].

(58)

Similarly, we can obtain the time ACF between AI
r and AU

p as

Rrp,IU,ana(t , f ;Δt) =
K

K + 1
RL

rp,IU(t , f ;Δt)

+
1

K + 1
RN

rp,IU(t , f ;Δt) (59)

where the NLoS component and the LoS component can be
calculated as

RN
rp,IU(t , f ;Δt)

=
Nrp,IU(t)∑

n=1

Mn∑
mn=1

[
Prp,IU,mn

(t)Prp,IU,mn
(t + Δt)

]1/2

ej
2π(fc−f )

c [drp,IU,mn (t)−drp,IU,mn (t+Δt)] (60)

and

RL
rp,IU(t , f ;Δt) = ej

2π(fc−f )
c [Drp,IU(t)−Drp,IU(t+Δt)].

(61)

Then we will talk about the situation considering all the
elements on IRS. After substituting (52) into (54), we can
obtain

Rqp,sim (t , f ;Δt)

= E

⎧
⎨
⎩

Mxy∑
r=1

hqr,BI(t , f )hrp,IU(t , f )ejθr (t)

Mxy∑
r=1

h∗
qr,BI(t + Δt , f )h∗

rp,IU(t + Δt)e−jθr (t+Δt)

⎫
⎬
⎭

= E

⎧
⎨
⎩

Mxy∑
r1=1

Mxy∑
r2=1

hqr1,BI(t , f )hr1p,IU(t , f )

h∗
qr2,BI(t + Δt , f )h∗

r2p,IU(t + Δt)ejθr1 (t)−jθr2(t+Δt)

⎫
⎬
⎭

=

Mxy∑
r1=1

Mxy∑
r2=1

E
{
hqr1,BI(t , f )h∗

qr2,BI(t + Δt , f )
}

E
{
hr1p,IU(t , f )h∗

r2p,IU(t + Δt)
}
ejθr1 (t)−jθr2 (t+Δt) (62)

Let

Rqr1,qr2,BI(t , f ;Δt) = E
{
hqr1,BI(t , f )h∗qr2,BI(t + Δt , f )

}

(63)

and

Rr1p,r2p,IU(t , f ;Δt) = E
{
hr1p,IU(t , f )h∗r2p,IU(t + Δt)

}

(64)

where Rqr1,qr2,BI(t , f ;Δt) and Rr1p,r2p,IU(t , f ;Δt) are the
spatial CCF of BS-IRS sub-channel and IRS-USER sub-
channel. Equation (62) can be rewritten as

Rqp,sim(t , f ;Δt)

=
Mxy∑
r1=1

Mxy∑
r2=1

Rqr1,qr2,BI(t , f ;Δt)Rr1p,r2p,IU(t , f ;Δt)

ejθr1 (t)−jθr2 (t+Δt). (65)

Spatial CCF can also be expressed as the sum of LoS com-
ponent and NLoS component. Rqr1,qr2,BI(t , f ;Δt) can be
calculated as

Rqr1,qr2,BI(t , f ;Δt) =
K

K + 1
RL

qr1,qr2,BI(t , f ;Δt)

+
1

K + 1
RN

qr1,qr2,BI(t , f ;Δt) (66)

where RN
qr1,qr2,BI(t , f ;Δt) is calculated as

RN
qr1,qr2,BI(t , f ; Δt)

=

Nqr1,qr2,BI(t)∑
n=1

Mn∑
mn=1

[
Pqr1,BI,mn

(t)Pqr2,BI,mn
(t + Δt)

]1/2

ej
2π(fc−f )

c [dqr1,BI,mn (t)−dqr2,BI,mn (t+Δt)] (67)
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Fig. 11. The comparison of time ACF between the simulation and the
analytical result at t = 0 s and t = 2 s. (DBI = 100 m, DIU = 200 m,
fc = 62 GHz, vB = 10 m/s, vU = 10 m/s, q = 1, p = 1, r = 1).

Fig. 12. The comparison of time ACF between the channel using IRS with
one element and without IRS. (vB = 10 m/s, vU = 10 m/s, DBI = 100 m,
fc = 62 GHz).

where Nqr1,qr2,BI(t) is the smaller value of Nqr1,BI(t) and
Nqr2,BI(t). In fact, the numbers of clusters between AB

q

and AI
r1 and between AB

q and AI
r2 are usually set as the

same value when we simulate the correlation function because
in practice the difference is very small. Similar to (58),
RL

qr1,qr2,BI(t , f ;Δt) is calculated as

RL
qr1,qr2,BI(t , f ;Δt)

= ej
2π(fc−f )

c [Dqr1,BI(t)−Dqr2,BI(t+Δt)]. (68)

Rr1p,r2p,IU(t , f ;Δt) can be obtained through the same way.

B. Root Mean Square (RMS) Delay Spread Cumulative
Distribution Function (CDF)

Delay spread reflect the largest propogation delay difference
among all the rays received by USER. Here we calculate this
physical quantity statistically, which means RMS delay spread.
To get the CDF of RMS delay spread, we should operate the
channel simulation many times and count these results then

Fig. 13. The comparison of time ACF when existing a LoS component.
(K = 5 dB, the other parameters are the same with Fig. 11.)

we can obtain the RMS delay spread CDF. The RMS delay
spread of the sub-channel from AB

q to AI
r can be calculated as

DSqr ,BI(t) =

⎛
⎝

Nqr,BI(t)∑
n=1

Mn∑
mn=1

Pqr ,BI,mn

(
τqr ,BI,mn

)2

−
⎛
⎝

Nqr,BI(t)∑
n=1

Mn∑
mn=1

Pqr ,BI,mn
τqr ,BI,mn

⎞
⎠

2
⎞
⎟⎠

1
2

.

(69)

C. Local Doppler Spread

The instantaneous frequency is important for signal recog-
nition, estimation, and modeling on account that it can provide
a energy distribution on frequency domain. Here we use the
Doppler frequency to represent the instantaneous frequency. It
is given by [33]

νqr ,mn (t) =
1
λ

d
[
dB,BI
q,mn (t) + d I,BI

r ,mn (t)
]

dt

+
1
λ

d
[
d I,IU
r ,mn (t) + dU,IU

p,mn (t)
]

dt
. (70)

Note that Doppler frequency changes with time because of the
motion of the clusters and the communication terminals. At
last, the local Doppler spread can be calculated as [33]

Bqr (t) =
(
E
[
νqr ,mn (t)2

]
− E
[
νqr ,mn (t)

]2) 1
2
. (71)

V. RESULTS AND ANALYSIS

A. Time ACF

Fig. 11 shows time ACF at different time instances con-
sidering only one element of IRS. The agreement between
simulation result and analytical result verifies the correctness
of the proposed channel model. The disagreement of time ACF
at two time instants confirms the time non-stationarity of the
proposed channel model. Fig. 12 considers only one element
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Fig. 14. The comparison of time ACF between the situations with and without
IRS . (MB = 1, MU = 1, Mx = My = 2, fc = 10 GHz, K = 0.02 dB,
DBU = 150 m, DBI = 50 m, vB = 0 m/s, vU = 10 m/s, t = 2 s).

Fig. 15. The comparison of time ACF when using IRS with different sizes.
(MB = 1, MU = 1, fc = 58 GHz, K = 5 dB, DBU = 200 m, DBI = 50 m,
vB = 10 m/s, vU = 10 m/s, t = 2 s).

on IRS. It shows that the value of time ACF is higher after we
use IRS. The main reason causing this result under one ele-
ment situation is that IRS plays a role in separating the whole
channel into two parts, making the expression of time ACF of
the cascaded channel the product of two sub-channels’ ACF
as shown in (54). It should be noted that we do not consider
the LoS component both in Fig. 11 and Fig. 12. The simula-
tion result considering LoS component is shown in Fig. 13.
We can see that the fluctuation and the value of ACF are both
much huger than before. This is also because we consider the
time ACF of only one IRS element. Only one LoS compo-
nent between a pair of antenna elements can be adjusted by
IRS. If all the elements on IRS and LoS components are con-
sidered, ACF is larger and tends to be flat with time interval
increasing as shown in Fig. 14. We can also see that larger
size of IRS causes larger value of time ACF. The simulation
result is shown in Fig. 15. Another interesting phenomenon is
that time correlation function value is also affected by the

Fig. 16. The comparison of time ACF with different Rician factor. (MB = 1,
MU = 1, Mx = My = 10, fc = 58 GHz, DBU = 200 m, DBI = 50 m,
vB = 10 m/s, vU = 10 m/s, t = 2 s).

Fig. 17. The comparison of time ACF when using one element IRS with
practical phase shifts. (The parameters setting is the same with Fig. 11).

Rician factor. This conclusion is proved by the simulation
result shown in Fig. 16. We can find that the stronger the LoS
component is and the larger the size of IRS is, the larger ACF
will be. This is because IRS can make full use of the LoS
components and eliminate the phase differences among dif-
ferent LoS components through providing extra phase shifts.
So Rician factor and size can affect the channel character-
istics strongly. The larger the size of IRS is, the more LoS
components IRS can adjust and the stronger the correlation
among CIR of different time instances will be. IRS makes the
ACF value raised. In combination with the definition of corre-
lation function we give out before, we can draw a conclusion
that IRS makes the stability of channel stronger, which is good
for information transportation. As shown in Fig. 17, practical
phase shifts do not affect the time ACF with respect to the
continuous phase shifts if there is only one element on IRS.
This is because IRS introduces two phase product factors into
ACF, not affecting the absolute value of ACF. So we can not
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Fig. 18. The comparison of time ACF when using IRS with 2-bit phase shifts
considering all the elements. (MB = 1, MU = 1, fc = 58 GHz, K = 5 dB,
DBU = 200 m, DBI = 50 m, vB = 10 m/s, vU = 10 m/s, t = 2 s).

Fig. 19. The comparison of spatial CCF between the simulation and the ana-
lytical result at 62 GHz and 2.6 GHz. (MB = 100, MU = 1, DBU = 100 m,
vB = 10 m/s, vU = 10 m/s).

find the differences when observing the absolute value of this
function. But as shown in Fig. 18, when we consider all the
elements on IRS, the resolution of IRS will affect the value
of ACF. This is because ACF is the sum of multiple com-
plex numbers. The phase difference among these numbers will
influence the result of adding them together.

B. Spatial CCF

As shown in Fig. 19, we can see that two curves are almost
the same because the antenna interval is small due to the high
frequency making the difference very small. At the same time,
the fact that analytical results and simulation results match
well indicates the accuracy and the correctness of the proposed
channel model.

C. Local Doppler Spread

Under the conditions of different velocities of USER, we
can see that higher velocity results in higher local Doppler

Fig. 20. The comparison of spatial CCF with different velocities of USER.
(DBI = 100 m, DIU = 200 m, vB = 0 m/s, vZn = 5 m/s, vU = 15 m/s or
10 m/s or 8 m/s).

Fig. 21. The comparison of RMS delay spread CDF between the different
variance of the scatterers’ coordinate values.

spread in Fig. 20. When we focus on one curve with a
fixed speed of USER, we can find that local Doppler spread
is decreasing with time. It changes with time instants just
because of the motions of the clusters and USER at the same
time in different directions.

D. RMS Delay Spread CDF

As shown in Fig. 21, we can see that under the condition of
more dispersed scatterers, the delay spread is bigger. This is
because the signal that travels the longest distance among all
the rays needs to travel a longer distance in the environment
with more dispersed scatterers.

VI. CONCLUSION

In this paper, a GBSM for IRS-based 6G channel has been
proposed. The evolution of time and space have been consid-
ered through the time varying distance and cluster evolution
matrix. The statistical properties such as time ACF, spatial
CCF, local Doppler spread, and DS CDF have been simulated
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and analyzed. The good agreement illustrates the correct-
ness of the proposed channel model. The differences among
the curves demonstrate the non-stationary properties of the
proposed channel model. The fact that time ACF’s value of
the situation using IRS is higher than it without IRS illustrates
that IRS can separate the channel and change the statistical
properties of the channel. The comparison between discrete
and continuous phase shifts help us draw a conclusion that
discrete phase shifts do not change the absolute value of time
ACF.
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