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Abstract—With the emerging demands of new communication
services, the contradiction between capacity demand and spectrum
shortage of railway communication systems becomes more severe.
How to provide broadband communication services has become
the key goal of future smart high-speed railway (HSR) systems.
Millimeter wave (mm-wave) frequency band has abundant spec-
trum resources and can provide communication services with large
bandwidth. However, due to the high-speed of the train as well as
the complexity and dynamics of environments, the communication
link may be blocked randomly for a short time and will also
lead to frequent handovers. In this paper, we adopt the promising
intelligent reflecting surface (IRS) technology for a mm-wave HSR
communication system. In order to improve system capacity, IRS is
deployed to improve reflection transmission links, and optimization
algorithms are designed for transceiver beamforming and IRS
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phase shift. In addition, given the specificity of the HSR scenario, we
also formulate the average system ergodic capacity maximization
problem and obtain upper bound on the average system ergodic
capacity with statistical channel state information (CSI). Through
extensive simulations, we verify that the proposed scheme performs
significantly better than the other two baseline schemes in terms of
average system throughput and average system ergodic capacity.

Index Terms—High-speed railway, intelligent reconfigurable
surface, millimeter-wave communications, phase shift, train-
ground communications.

I. INTRODUCTION

W ITH boosting development of high-speed railway (HSR)
worldwide, HSR has become the preferred mode of

travel because of its advantages of fast speed, high safety and
satisfied comfort. Take China’s railways as an example, its
operation length has reached nearly 39,000 km [1]. Moreover,
since the passengers are accustomed to high quality services on
the ground, they also demand to access the Internet during a long
travel for working, studying and entertainment. Nevertheless,
as the train runs at high speed, the relative rapid movement
between the train and ground base station (BS) makes the
wireless channel in HSR scenarios has obvious non-stationary
and fast time-varying characteristics, which affect the overall
performance of the HSR communication system [2]. In addition,
frequent handovers occur in the HSR scenarios. Assuming that
the speed of the train is 350 km/h and the radius of the cell is
1 to 2 km, handover occurs every 10 to 20s [1]. Therefore, the
demand of data transmission with high capacity and large band-
width for passengers in the carriage brings significant challenges
to the HSR communication system. Obviously, it is important
to carry out research on broadband wireless communication in
HSR scenarios.

With the rapid emergence of new businesses and applications
of “smart railway,” the contradiction between capacity demand
and spectrum shortage is becoming more and more obvious. Mil-
limeter wave (mm-wave) frequency band covers from 30 GHz to
300 GHz and also has rich spectrum resources. It is expected to
provide broadband access services of several Gbps transmission
data rates for train-ground communication systems and reduce
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service delay. At present, mm-wave communications have made
remarkable commercial progress in the world and have also been
utilized in HSR systems. For example, the Shinkansen line in
Japan, the Maglev train test line in Germany and the Maglev train
in Shanghai [3] have all adopted the mm-wave communication
technology. Research on mm-wave communication has also
been recently carried out towards HSR communication systems.

However, since mm-wave communications face serious prop-
agation loss and link attenuation, the research on HSR communi-
cation systems mainly adopt the two-hop communication system
model assisted by mobile relay (MR), i.e., the two-hop data
transmission link of communication outside the train and com-
munication inside the train, which can effectively avoid serious
penetration loss and frequent group handovers [4]. Therefore,
we mainly focus on the mm-wave HSR communication system
assisted by MR in this study. Also, it is crucial to use beamform-
ing technology to obtain higher antenna gain [5] and compensate
high attenuation during the signal transmission. In addition, the
short wavelength of mm-wave leads to poor diffraction ability
and is more vulnerable to the shelter of human body, trees and
even buildings, which reduces the performance of receiving
signals and even leads to the interruption of wireless links. In
order to guarantee user experience, providing reliable network
connection is a serious challenge for mm-wave communication.

At present, intelligent reflecting surface (IRS), an innovative
and revolutionary technology has developed, which can be
used to efficiently improve the system performance [6]. IRS
is a low-power passive device that can be widely deployed
in indoor ceilings, building surfaces, and even lampposts and
walls [7]. Through proper deployment of IRS and intelligent
adjustment of beam direction, reliable auxiliary connection can
be established. It can help users overcome the influence of block
and achieve a significant improvement in spectral efficiency
and energy efficiency. Thus, IRS technology has attracted a lot
of attentions from academia and industry. Because IRS does
not introduce additional noise in the signal reflection process,
it has comparative advantages over traditional communication
technologies [8], [9].

However, IRS usually does not have radio frequency (RF)
links, and consequently the channel cannot be estimated. More-
over, the amounts of reflection elements are usually configured
for IRS, and so the estimated channel parameters will increase
proportionally as the number of reflection elements increase.
Therefore, how to obtain the channel state information (CSI)
between the IRS and the BS as well as between the IRS and the
MR has become a crucial challenge in the practical application
of IRS. In [10], the authors proposed a two-timescale channel
estimation framework to exploit the property that the BS-IRS
channel is high-dimensional but quasi-static, while the IRS-user
(UE) channel is time-varying but low-dimensional. Particularly,
to estimate the quasi-static BS-IRS channel, a dual-link pilot
transmission scheme was proposed, where the BS transmits
downlink pilots and receives uplink pilots reflected by the IRS.
As for HSR scenario, the high dynamic fast time-varying channel
between the BS beside the track and the MR can be split into
the cascade form of BS-IRS channel and IRS-MR channel. The
fast time-varying LoS link channel between IRS-MR/BS-MR
can be predicted according to the characteristics of high-speed

train running along a fixed trajectory [11], [12]. The quasi-static
channel between BS-IRS can be obtained by using some ad-
vanced channel estimation methods [13], [14]. In addition, the
CSI obtained above can also well solve the problem of Doppler
shift pre-compensation. In view of the above discussions, the
channel estimation is out of the scope of this paper.

At the same time, the IRS passive beam and the BS/MR active
beam need to be jointly designed to optimize the end-to-end
communication between the MR and the BS. Nevertheless, CSI
updates quickly, and the signaling cost of frequently measuring
real-time CSI is large in high-speed mobile scenarios. Frequent
adjustment of phase amplitude parameters of IRS reflection
elements according to real-time CSI in short coherence time
also brings a large amount of signaling overhead. As a result,
although the perfect CSI can be acquired according to discussed
above, it is difficult to achieve rapid and frequent adjustment
of IRS parameter matrix in the actual system [15], and so the
IRS design based on perfect CSI in high-speed mobile com-
munication system faces serious challenges. Therefore, in this
paper, we take both perfect instantaneous CSI and statistical
CSI into consideration, which aims to show difference between
the two situation and prove the system performance can also be
improved with statistical CSI. As for how to obtain the statistical
CSI, a transmission frame is composed of a certain number of
blocks, and the angle of arrival (AoA)/ angle of departure (AoD)
is estimated once in the frame header in this paper. And in the
channel estimation phase, the IRS is in the sensing mode and the
statistical channel information between the IRS and the BS/MR
can be estimated using the dedicated sensors at the IRS and
leveraging the pilots and/or data transmitted in both uplink and
downlink. Similarly, the statistical channel information between
BS and MR can also be estimated. Moreover, the statistical
CSI varies more slowly than the instantaneous CSI and can be
comparatively easily explored. As the channel estimation is out
of the scope of this paper, the detailed discussion is omitted here.
The related research studies on how to estimate the channels for
IRS-aided systems can be found in [16], [17].

For the purpose of further enhancing the system performance,
this paper considers the mm-wave downlink multiple-input
multiple-output (MIMO) communication system assisted by
IRS in the HSR scenario. Multiple antenna elements are de-
ployed at both the BS and the MR, and the antenna gain is
obtained by using beamforming technology. The phase of each
reflection element on the IRS is dynamically adjusted to enhance
the robustness of the system. In addition, in view of the challenge
brought by the uncertainty of the channel, statistical CSI is
also employed to jointly design the transceiver beamforming
scheme and IRS phase shift matrix. Therefore, in this study, we
focus on the average system throughput optimization problem
with instantaneous CSI and the average system ergodic capacity
maximization problem with statistical CSI respectively. Obvi-
ously, the two problems are non-convex thereby challenging
to be solved, and so a low-complexity alternate optimization
(AO) method is used to obtain the solution. Our contributions
are fourfold.
� An IRS-assisted mm-wave HSR communication system

model is developed with the aim of improving the system
performance, where we symmetrically deploy two IRSs on
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the lampposts around the BS. Thus, there are both direct
link BS-MR and reflect link BS-IRS-MR.

� With instantaneous CSI, the average system throughput
maximization problem is formulated by jointly optimizing
the transceiver beamforming vector and IRS’s phase shift
matrix, subjected to the transmitting power constraint and
phase shift constraint. Considering that the formulated op-
timization problem is non-convex, we use the AO method,
which iteratively optimizes two separated sub-problems,
i.e., transceiver beamforming vector and phase shift matrix
optimizations.

� Given the specificity of the HSR scenario, we also for-
mulate the average system ergodic capacity maximization
problem and obtain upper bound of the average system
ergodic capacity with statistical CSI. The form of this
optimization problem is comparable to the case of instan-
taneous CSI, and so we utilize the AO method as well to
obtain the optimized transceiver beamforming vector and
IRS’s phase shift matrix.

� Through simulations under various system parameters, the
simulation results show that the system performance of
mm-wave HSR communication networks with IRS as well
as phase shift optimization has a significant improvement in
terms of the average system throughput with instantaneous
CSI and the average system ergodic capacity with statistical
CSI in comparison with the other two benchmark schemes.

The remainder of the paper is organized as follows. A detailed
overview of the related work is presented in Section II. In
Section III, the IRS assisted mm-wave HSR communication
system model is presented, and the two optimization problems of
maximizing the average system throughput with instantaneous
CSI and maximizing the average system ergodic capacity with
statistical CSI are formulated. The two proposed AO based
algorithms are presented in Sections IV and V, respectively. In
Section VI, we provide the simulation results under different
system parameters. Finally, we draw the conclusions of this
paper in Section VII.

II. RELATED WORK

A. Mm-Wave Communications for HSRs

Key technologies of mm-wave communications for HSRs has
attracted extensive attention from academia. Yan et al. [18], [19]
proposed the control/user plane decoupled network architecture
for mm-wave HSR communication systems. In [20], the authors
further expanded the network architecture by using mm-wave
frequency band (32 GHz). For the purpose of improving the
capacity of the system, the authors also deployed multiple
antenna elements at the receiving and transmitting and utilized
beamforming technology to obtain antenna gain. Song et al. [21]
further carried out research on key technologies in the HSR
mm-wave communication system. Firstly, they proposed a new
multiple access scheme based on single carrier technology and
orthogonal frequency division multiplexing (OFDM) technol-
ogy. In addition, they proposed a new architecture using beam-
forming and spatial multiplexing technology to obtain space di-
vision multiplexing gain. Also, the architecture proposed in this

paper can alleviate the contradiction between limited spectrum
resources and broadband mobile communication business de-
mand. Based on the train position, a dynamic tracking algorithm
of beamforming to jointly adjust the width and direction of the
beam to maximize the system capacity was proposed in [22].
In addition, the potential application of HSR mm-wave commu-
nication, such as railway state detection [23], the mobile edge
caching of multimedia service [24], heterogeneous network [25]
etc., are using the mm-wave communication to promote the
future development and deployment of the intelligent railway
mobile communication system. Moreover, the Doppler effect is
an important factor that can not be ignored due to the high-speed
of HSRs. Fortunately, as the wireless channel is mainly line-of-
sight (LoS) in HSR mm-wave communications systems, there
is only the Doppler shift [26]. And authors in [27] proposed a
scheme which leveraged the continuous location information of
the trains to pre-compensate the Doppler shift. Thus, we did not
take the Doppler effect into consideration in this paper.

B. IRS-Assisted Wireless Communications

IRS is a new breakthrough technology that integrates amounts
of low-cost passive metamaterial elements in a two-dimensional
plane and uses programmable software to reconfigure the envi-
ronment for radio wave propagation. The concept of IRS was first
proposed in [8]. The authors studied a multi-input single-output
wireless communication system assisted by IRS and found that
the network performance can be improved to a great extent by
the assistance of IRS. In addition, the signal-to-noise ratio (SNR)
of the user is found to have a linear relationship with the square
of the number of intelligent reflection elements. In [28], the
authors provided a detailed overview on principles, challenges,
and opportunities for IRS-assisted wireless communications.
Authors in [29] presented an introduction of IRS commonly
used models. Moreover, they described a variety of use cases for
future communication systems and elaborated how to integrate
the IRS technology with current communication systems. The
focus of [30] is to reduce mutual interference between cellular
link and multiple device-to-device links share the same spectrum
so as to improve the system sum rate. To increase the coverage
of the mm-wave BS in hotspot areas, unmanned aerial vehicle
(UAV) equipped with IRS (UAV-IRS) is used and energy-aware
multi-armed bandit (EA-MAB) algorithm is proposed to maxi-
mize the achievable data rate while minimizing the energy cost
of the UAV flight in, as well as select the next hotspot in the
UAV trajectory [31].

C. Beamforming for IRS-Assisted Wireless Communications

Beamforming is an critical issue in wireless systems based on
IRSs. First of all, assuming that the perfect CSI is known, many
studies on the joint design of the transceiver beamforming and
IRS phase shift have been carried out [32], [33], [34]. In [35],
the authors proposed a joint design scheme of continuous digital
beamforming for the BSs and discrete analog beamforming for
the IRS. Zhang et al. [36] did a research on an uplink IRS-
assisted communication system, the authors assumed that the
IRS phase shifts were limited and they investigated how many

Authorized licensed use limited to: University of Houston. Downloaded on July 02,2023 at 13:22:28 UTC from IEEE Xplore.  Restrictions apply. 



6256 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 5, MAY 2023

phase shifts were enough. In addition, they evaluated the system
performance by approximately calculating the achievable data
rate. Due to the passive characteristics of IRS, it is difficult to
accurately obtain perfect channel information of IRS associated
channel [37]. Subsequently, a lot of work has been carried out
on channel estimation research for IRS-assisted communication
systems under imperfect CSI conditions [16], [17]. As the finite
channel training is limited by power, frequency, time, etc.,
it inevitably produces estimation errors. The phase amplitude
parameter design of IRS is closely related to the accuracy of
CSI, and the performance of the IRS system is seriously affected
by channel estimation errors [9]. To solve this problem, authors
in [38] proposed codebook-based phase shifters for mm-wave
transmitter and IRS which can avoid estimating their CSI. In
addition, the authors jointly optimized the phase shift vectors
at both mm-wave BS and IRS by leveraging an online learning
approach in the form of a MAB game, which could relax the
required beamforming training overhead. Based on this, a nested
two-stage Thompson sampling (TS) and upper confidence bound
(UCB) algorithms were proposed.

D. IRS-Assisted Mm-Wave HSR Communications

As for IRS-assisted mm-wave HSR communication system,
Zhang et al. [39] provided a detailed survey on challenges,
solutions, and future directions for IRS-assisted next generation
HSR communication systems. In [40], a novel framework that
uses IRS-enabled UAVs was proposed to maximize the system
capacity. However, this work assumed that CSI can be perfectly
known, which is difficult to achieve in HSR scenario. Given the
specificity of the HSR scenario, in [41], a scheme that utilizes
statistical CSI to optimize transceiver beamforming vector and
IRS phase shift was proposed with the purpose of minimizing
the outage probability for the IRS-assisted HSR communication
system. In addition, the authors in [42] exploited the benefits
of Artificial intelligence (AI) to jointly optimize the transmit
beamforming vector at the BS and the phase shift at the IRS. A
novel deep reinforcement learning framework which combines
long short-term memory (LSTM) and deep deterministic policy
gradient (DDPG) was proposed to maximize spectral efficiency
with comparatively low time complexity.

From discussions above, we can conclude that there are few
IRS studies on MIMO systems, especially the downlink MIMO
system lacks effective exploration. Currently, the scenario with
single antenna is mainly considered [15], [43]. In addition,
there is limited work studying IRS-assisted mm-wave HSR
communication system in terms of maximizing the average sys-
tem throughput with instantaneous CSI and the average system
ergodic capacity with statistical CSI.

III. SYSTEM OVERVIEW AND PROBLEM FORMULATION

A. System Model

In this paper, we consider the IRS-assisted mm-wave HSR
downlink MIMO communication system as shown in Fig. 1. The
train runs in one direction at a uniform speed and the MR is de-
ployed on the roof to avoid penetration loss and reduce frequent

Fig. 1. IRS-assisted mm-wave HSR communication system model.

group handovers. In addition, the BS and MR are equipped with
N1 and N2 antennas, respectively. With the aim at improving
spectrum efficiency, we symmetrically deploy two IRSs on the
lampposts around the BS. In addition, the BS is connected to the
controller of each IRS by wire. Assuming that each IRS deploys
M reflection elements, the phase/amplitude of each reflection
element can be adjusted separately to make the beam in the
appropriate direction. According to the location of the train, the
BS selects the IRS closest to MR for communication, while
the other IRS is regulated by the BS into a sleep state. In our
proposed system model, the direct link BS-MR and reflection
link BS-IRS-MR exists at the same time. One for communication
and the other one for measurement of received signal power. In
addition, the two links are at different frequency band, and so
there is no interference. In addition, directional antennas are de-
ployed at both the transmitter and the receiver to achieve the high
antenna gain by the analog beamforming technique in mm-wave
communication systems [44], [45], [46]. As a result, the signal
of the direct link BS-MR and the reflection link BS-IRS-MR
have different beam directions, which can be distinguished at
the receiving end. And assuming the two links exist at the same
time is to conduct switch between the two links and improve the
system reliability as well. The switching criteria is based on the
received signal power at the MR measured over these two links
and will be illustrated in more detail in the following problem
formulation part. Furthermore, it is important to note that most
of the current schemes studied in other literatures are two links
both used for communication at the same time. Although this
scheme that both links used for communications can improve the
system performance to a greater extent than the scheme proposed
in this paper, the receiving signal processing at the MR side is
more complex in this way since it needs to add the two links,
and the IRS phase shift optimization problem is more complex as
well. Consequently, we propose a novel but simple link selection
based system model to improve the system performance in terms
of the average system throughput and the average system ergodic
capacity.

At each time slot t, the transmitting signal x(t) ∈ C trans-
mitted by the BS to the MR satisfies E{x(t)} = 0 and
E{x(t)x(t)H} = 1. The transmitting beam vector at the BS
is denoted as f(t) ∈ C

N1×1, and the receiving beam vec-
tor at the MR end is denoted as w(t) ∈ C

N2×1. The re-
ceived signal at the MR from the direct link and reflect link
are written as y1(t) = wH(t)((H1(t)

H)f(t)x(t) + n(t)) and
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y2(t) = wH(t)((H2(t)
HΦ(t)Hg(t))f(t)x(t) + n(t)), respec-

tively, where PT is the transmit power of the BS, H1(t) ∈
C

N1×N2 ,Hg(t) ∈ C
N1×M and H2(t) ∈ C

M×N2 represent the
channel matrix coefficients between BS-MR, BS-IRS, and IRS-
MR, respectively. n(t) ∼ CN (0, σ2IN2) indicates the additive
Gaussian white noise introduced and its noise power is denoted
as σ2.

We define a diagonal matrix to denote the reflection-
coefficients matrix of the IRS which can be expressed as
Φ = diag{β1e

jφ1 , . . . , βMejφM }, where j represents imagi-
nary unit and diag(·) represents diagonal matrix function.
φ = [φ1, . . . , φM ] denotes the phase shift vector of IRS, β =
[β1, . . . , βM ] represents the amplitude reflection coefficient vec-
tor of IRS,φm ∈ [0, 2π) andβm ∈ [0, 1] correspond to the phase
shift and amplitude of the m-th element of the IRS, respectively.
Usually assuming that the IRS is configured with a constant
amplitude value and continuous phase-shift, that is, βm = 1 and
|φm|2 = 1 [33]. This assumption is also adopted in this paper.

Therefore, the SNR received by the MR of the direct link
BS-MR in time slot t γ1(t) can be expressed as

γ1(t) =

∣∣w(t)H
(
H1(t)

H
)
f(t)

∣∣2

σ2
, (1)

where | · | is the absolute value of a complex number. Similarly,
the SNR received by the MR of the reflect link BS-IRS-MR in
time slot t γ2(t) can be expressed as

γ2(t) =

∣∣w(t)H
(
H2(t)

HΦ(t)Hg(t)
)
f(t)

∣∣2

σ2
. (2)

B. Channel Model

In general, especially in China, most rails are paved on
viaducts and rural areas, where the wireless channels are mostly
LoS [47]. As a result, it is considered that all included links obey
the Rician fading model in this paper since LoS components
and non-line-of-sight (NLoS) components may exist in practice
[41], [48]. In addition, since both BS and IRS are in a static state,
the CSI of channel Hg between the BS and IRS can be perfectly
known. The channel model of direct link BS-MR H1 follows
Rician fading, and can be expressed as

H1 =

√
ζ1

ζ1 + 1
H̄1 +

√
1

ζ1 + 1
H̃1, (3)

where ζ1 represents the Rician K-factor of the direct link H1,
H̄1 represents the LoS component which is determined by the
link distance as well as can remain stable within each time
slot [49]. H̃1 represents the NLoS components. Each element
of H̃1 is circularly symmetric complex Gaussian (CSCG) dis-
tributed with zero mean and variance σ1

2. It is assumed that the
antenna elements at the BS adopt the uniform linear array (ULA)
configuration, and H̄1 can be expressed as

H̄1 = aMR (θAoA,1,1)a
H
BS (θAoD,2,1) , (4)

where θAoA,1,1,θAoD,2,1 represents the AoA to the MR and
the AoD from the BS, respectively. As the track and real-time
location information of the train are known, the transmission
distance, AoA and AoD can be calculated.

The link between IRS and MR is also characterized by Rician
fading model, which can be expressed as

H2 =

√
ζ2

ζ2 + 1
H̄2 +

√
1

ζ2 + 1
H̃2, (5)

where ζ2 represents the Rician K-factor of the IRS-MR link
H2, H̄2 represents the LoS component. H̃2 represents the NLoS
components, whose elements also all satisfy the CSCG distribu-
tion with zero mean and variance σ2

2. The antenna elements of
MR are also assumed as ULA configuration, so the expression of
the LoS component H̄2 is similar to (4), which is not described
here.

Since IRS can be consisted of amounts of reflecting elements,
uniform planar array (UPA) deployment is considered. More-
over, as the CSI of the BS-IRS link can be precisely known in
advance, the BS-IRS channel Hg can be characterized as

Hg = aIRS (ϑAoA,1,e, ϑAoA,1,a)a
H
BS (ϑAoD,2)

= aIRS,a (ϑAoA,1,a)⊗ aHIRS,e (φAoA,1,e)a
H
BS (ϑAoD,2) ,

(6)

where ⊗ denotes the Kronecker product, ϑAoA,1,e(ϑAOA,1,a),
ϑAoD,2 denote the azimuth (elevation) AoA to the IRS, and
the AoD from the BS, of the BS-IRS link, respectively. It is
important to note that the LoS part of the BS-MR direct link,
H̄1, and the LoS part of the IRS-MR link, H̄2, are both dependent
on the location of the MR, which varies with the HSR and can
be known precisely. Meanwhile the BS-IRS link, Hg , can be
precisely known in advance and is stationary.

C. Problem Formulation

From the discussion above, since we assume that the direct
link and the reflect link exist at the same time, we define two
binary variables a1 and a2 to denote which link is used for
communication. If a1/a2 = 1, it means the direct/reflect link
is used for communication and the other is used for the received
signal power measurement. If the link used for measurement
performs better than the link used for communication during
a time interval T in terms of average received signal power,
the system will switch the former measurement link to the
communication link in the next time interval. Taking the example
of switching from the direct link to the reflect link, assuming
that instantaneous CSI can be acquired, the switching condition
mathematical formula can be given by

∑T
t=1

∣∣∣w(t)H
(
H(t)H

)
f(t)

∣∣∣2
−∑T

t=1

∣∣∣w(t)H
(
H1(t)

H
)
f(t)

∣∣∣2

∑T
t=1

∣∣∣w(t)H (H1(t)H) f(t)
∣∣∣2

≥ ξ (7)

where H(t)H = H2(t)
HΦ(t)Hg(t), and ξ is set to prevent

frequent handovers between the direct link and reflect link.
However, since the instantaneous CSI acquisition will introduce
too much overhead, we also consider a more realistic situation,
that is instead of maximizing instantaneous channel capacity
according to instantaneous CSI, transceiver use statistical CSI
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to maximize ergodic capacity. The switching condition mathe-
matical formula is similar to (7), except that the statistical CSI
is used when calculating the average received signal power, and
hence is omitted for simplicity.

In this paper, we focus on maximizing the average system
throughput with instantaneous CSI and maximizing the average
system ergodic capacity with statistical CSI, along with joint IRS
phase shift matrix and transceiver beamforming design, subject
to the constraints of the transmit power budget of the BS, IRS
constant modulus and only one link is used for communication
during a time interval T . Firstly, with instantaneous CSI, from
the Shannon’s formula, the transmission rate of the direct link
can be derived as

R1(t) = log2

⎛
⎜⎝1 +

⎛
⎜⎝

∣∣∣w(t)H
(
H1(t)

H
)
f(t)

∣∣∣2

σ2

⎞
⎟⎠

⎞
⎟⎠ . (8)

Similarly, the transmission rate of the reflect link can be written
as

R2(t)=log2

⎛
⎜⎝1+

⎛
⎜⎝

∣∣∣w(t)H
(
H2(t)

HΦ(t)Hg(t)
)
f(t)

∣∣∣2

σ2

⎞
⎟⎠
⎞
⎟⎠ .

(9)

The average system throughput maximization problem is math-
ematically formulated as

P1 : max
w,f ,Φ

∫ 2D/v

t=0 (a1R1(t) + a2R2(t))dt

2D/v
(10)

s.t. a1 + a2 ≤ 1 (10a)

||f ||2 ≤ PT , (10b)

||w||2 ≤ 1, (10c)

|φm|2 = 1, ∀m ∈ {1, . . . ,M}, (10d)

whereD denotes the BS’s coverage radius, the speed of the HSR
is v, PT is the transmitting power budget of the BS, ‖ · ‖ denotes
the Euclidean norm operator.

Then, with statistical CSI, the ergodic capacity of the direct
link can be derived as

C1
erg(t) = E

⎧⎪⎨
⎪⎩log2

⎛
⎜⎝1 +

∣∣∣w(t)HH1
H(t)f(t)

∣∣∣2

σ2

⎞
⎟⎠

⎫⎪⎬
⎪⎭ (11)

where E{·} denotes the statistical expectation operator. Simi-
larly, the ergodic capacity of the reflect link can be written as

C2
erg(t)

= E

⎧⎪⎨
⎪⎩log2

⎛
⎜⎝1 +

∣∣∣w(t)H
(
H2

H(t)Φ(t)Hg(t)
)
f(t)

∣∣∣2

σ2

⎞
⎟⎠

⎫⎪⎬
⎪⎭ .

(12)

The average system ergodic capacity maximization problem
is mathematically formulated as

P2 : max
w,f ,Φ

∫ 2D/v

t=0 (a1C
1
erg(t) + a2C

2
erg(t))dt

2D/v
(13)

s.t. a1 + a2 ≤ 1, (13a)

||f ||2 ≤ PT , (13b)

||w||2 ≤ 1, (13c)

|φm|2 = 1, ∀m ∈ {1, . . . ,M}. (13d)

The average system throughput in P1 depends on the transmis-
sion rate of the link which is used for communication in time
slot t, and the average system ergodic capacity in P2 is also
dependent on the ergodic capacity of the communication link in
time slot t. Therefore, we can rewrite P1 and P2 in the following
simple form

P1-1 : max
w,f ,Φ

a1R1(t) + a2R2(t)

s.t. (10a), (10b), (10c), (10d),

P2-1 : max
w,f ,Φ

a1C
1
erg(t) + a2C

2
erg(t)

s.t. (13a), (13b), (13c), (13d).

The optimization problems P1-1 and P2-1 are non-convex prob-
lems, which are difficult to be solve with the existing methods.
In addition, since the fractional objective function in the P2-1
contains statistical expectation function which needs a lot of cal-
culation [50] when the instantaneous CSI is unknown. Further-
more, due to the constant modulus constraint of IRS, obtaining
the optimal IRS phase matrix becomes more complicated.

IV. AVERAGE SYSTEM THROUGHPUT OPTIMIZATION WITH

INSTANTANEOUS CSI

To address above-mentioned challenges of solving optimiza-
tion problems P1-1 and P2-1, we propose an algorithm which is
based on the AO theory to iteratively optimize each decision
variable while the other variables are fixed. In this section,
we will solve P1-1, namely maximizing transmission rate of
the link which is used for communication in time slot t with
instantaneous CSI. Firstly, we optimize the IRS phase shift
matrix Φ in IV-A. Then, the beamforming vectors of the BS
and the MR are optimized in IV-B and IV-C, respectively. the
two binary variables a1 and a2 are optimized in IV-D. Finally,
we provide convergence and complexity analysis in IV-E

A. Optimization of Φ

Assuming transceiver beamforming vectors are fixed, a1 = 0
and a2 = 1. Only Φ is the decision variable. In addition, log(·)
is strictly concave and increasing over R++. Therefore, P1-1
can be equivalent to the following problem

P3-1 : max
Φ

∣∣wH
(
HH

2 ΦHg

)
f
∣∣2

(14)

s.t. |φm|2 = 1, ∀m ∈ {1, . . . ,M}. (14a)
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By expanding the objective function in (14), the following
equation can be obtained:∣∣wH

(
HH

2 ΦHg

)
f
∣∣2

= Tr
(
ΦHEΦG)

(15)

where Tr(·) represents the matrix trace function, E = H2BHH
2 ,

G = HgAHH
g ,A = ffH , andB = wwH . It is important to note

that all these auxiliary variables have no relation with Φ. In
addition, by using the properties of trace operation, we can
get Tr(ΦHEΦG) = φH(E 	 GT )φ. Then, (15) can be further
equivalently converted to

max
φ
φH

(E 	 GT
)
φ � Γ(φ). (16)

Problem P3-1 is equivalent to

P3-1(a) : max
φ

Γ(φ) (17)

s.t. |φm|2 = 1, ∀m ∈ {1, . . . ,M}. (17a)

Because of the quadratic constant modulus constraint, the op-
timization problem is non-convex. But it can be transformed
as a homogeneous quadratically constrained quadratic program
(QCQP). Consequently, the optimal φ is solved and the optimal
IRS phase matrix Φ can be further obtained [8].

B. Optimization of f

With optimized Φ, given w and a2 = 1, P1-1 is simplified as

P3-2 : max
f

fHT1f

s.t. ‖f‖2 ≤ PT .

where T1 = HHwwHH and H = HH
g ΦHH2.

The above problem is a convex problem which is equivalent
to

P3-2(a) : min
f

L(f , u) = −fHT1f + u
(‖f‖2 − PT

)
s.t. u > 0,

| f‖2 ≤ PT .

Its Karuch-Kuhn-Tucker (KKT) condition is

∇fL(f , u) = −2T1f + 2 uf = 0,

∇uL(f , u) = ‖f‖2 − PT = 0.

According to the above KKT conditions, The optimal beam-
forming vector of problem P3-2 is f = τ 1

max
√
PT , where

τ 1
max is the eigenvector corresponding to the maximum eigen-

value of matrix T1.

C. Optimization of w

Similar to problem P3-2, with optimizedΦ, given f and a2=1,
P1-1 is simplified as

P3-3 : max
w

wHT2w

s.t. ‖w‖2 ≤ 1,

Algorithm 1: Average System Throughput Optimization
Algorithm Based on AO.

Input:
Hg,H1,H2, ζ1, ζ2, σ

2
1 , σ

2
2, i=1 and e=1.

1: for t = 1 : 2D/v do
2: repeat
3: Randomly generate N independent realizations of

beamforming vectors at the BS and MR, and select
the best pair (f ,w) with the maximal SNR;

4: if a2 = 1 then
5: Obtain Φ∗(t) by solving P3-1 with

Φ∗(t) = diag(φ∗(t));
6: end if
7: Check convergence of (18). If yes, set

Φ∗(t) = diag(φ∗(t)), continue; if not, e=e+1, go
to Step 4;

8: Obtain f ∗(t) by solving P3-2;
9: Obtain w∗(t) by solving P3-3;

10: Determine the binary variable a1/a2 by (7);
11: Update i=i+1.
12: until The increase of the average system throughput

between two successive iterations is below a
threshold ε.

13: end for
Output: Φ∗, f ∗,w∗ and the average system throughput R.

where T2 = HHf f hH. Then, according to P3-2(a), it can be
known that the optimal receiving beamforming vector is τ 2

max,
where τ 2

max is the eigenvector corresponding to the maximum
eigenvalue of the matrix T2.

D. Optimization of a1/a2

With optimized Φ, given f and w, the binary variable a1/a2

can be determined according to (7), namely if (7) is satisfied,
a2=1, otherwise, a1=1. The transceiver beamforming optimiza-
tion of a1=1 is similar to a2=1. The only difference is changing
H to H1. In addition, there is no Φ optimization with a1 = 1. To
sum up, the average system throughput optimization problem P1
can be solved by the AO algorithm. The specific execution steps
are summarized in Algorithm 1. As shown in Algorithm 1, we
randomly generate N independent realizations of beamforming
vectors at the BS and MR, and select the best pair (f ,w) with
the maximal SNR. Then, we update the transceiver beamforming
vectors and phase shift in an alternating manner until the algo-
rithm converges, i.e., the average system throughput difference
between two successive iterations is less than a certain threshold.

E. Convergence and Complexity Analysis

1) Convergence: The whole algorithm can be seen as the
process by iteratively solving the four subproblems as pre-
sented in IV-A, IV-B, IV-C and IV-D. As for subproblem-B and
subproblem-C, they are guaranteed to converge to a KKT point
of P3-2 and P3-3, i.e., a solution satisfying the KKT conditions
of the two problems. In addition, as subproblem-A, we define

Authorized licensed use limited to: University of Houston. Downloaded on July 02,2023 at 13:22:28 UTC from IEEE Xplore.  Restrictions apply. 



6260 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 5, MAY 2023

the objective function of φ in inner iteration and outer iteration
as Fi and Fo respectively, which are given as follows:

Fi(φ) = φH
(E 	 GT

)
φ,

Fo(φ, f ,w) = a1 log2

(
1 +

(∣∣wH
(
H1

H
)
f
∣∣2

σ2

))

+ a2 log2

(
1 +

(∣∣wH
(
H2

HΦHg

)
f
∣∣2

σ2

))
.

To ensure that the objective function of each inner iteration of
the proposed algorithm increases, we check if the following
condition is met:

|Fi (φnew )− Fi (φold )|
Fi (φold )

≤ ε. (18)

The outer iteration is checked for convergence by the following
condition:

|Fo (φnew , fnew ,wnew )− Fo (φold , fold ,wold )|
Fo (φold , fold ,wold )

≤ ε (19)

By generating N random realizations of beamforming vectors
at the BS and MR, and we select the best pair (f ,w) with the
maximal SNR as the initial point of the phase shift optimization
subproblem-A. Note that an increasing value of objective func-
tion (10) is guaranteed from Step 4 to Step 13. Furthermore, the
objective function (10) has the upper bound since the BS has
the power constraint. Therefore, the monotonic convergence of
Algorithm 1 is guaranteed.

2) Complexity: In each iteration, selecting the best pair
(f ,w) with the maximal SNR has a complexity of
O(SN 2 log2 N), whereS denotes the computational complexity
of calculating SNR; updating the ideal phase-shift vector of the
IRS by using CVX has a complexity ofO(M 3.5 log2(

1
ε1
)), where

termination criteria ε1 determines the accuracy of solving the
quadratic programming sub-problem [51], [52]; updating the
transceiver beamforming vectors for BS and MR by calculating
the eigenvalues of matrix T1 and T2 has a complexity of
O(N 3

1 ) and O(N 3
2 ), where N1 and N2 denotes the number

of antennas deployed at the BS and the MR, respectively;
determining the binary variable a1/a2 has a complexity of
O(B), where B denotes the computational complexity of cal-
culating (7). To conclude, the complexity of the proposed al-
gorithm is O(IT (SN 2 log2 N +M 3.5 log2(

1
ε1
) +N 3

1 +N 3
2 +

B)), where I denotes the number of iterations and T = 2D/v.

V. AVERAGE SYSTEM ERGODIC CAPACITY OPTIMIZATION

WITH STATISTICAL CSI

In this section, we solve problem P2-1, namely maximizing
ergodic capacity of the link which is used for communication
in time slot t with statistical CSI. Similar to IV, the core idea
of solving the problem is using the AO algorithm to determine
the optimal value of each decision variable iteratively until the
system converges.

A. Ergodic Capacity Analysis

Since exact expressions for ergodic capacity are difficult to
obtain, a tight and manageable upper bound for ergodic capacity
is first derived, and then the upper bound for system ergodic
capacity is maximized. According to the Jensen’s inequality,
the objective function in (12) is upper-bounded as follows

E

{
log2

(
1 +

∣∣wHHHf
∣∣2
PT

σ2

)}

≤ log2

⎛
⎝1 +

E

{∣∣wHHHf
∣∣2
}
PT

σ2

⎞
⎠ , (20)

where H = HH
g ΦHH2, and the egodic capacity of the direct

link C1
erg(t) is similarly upper-bounded as (20), just change H

to H1. Then, we establish an upper bound problem

P2-1-ub : max
w,f ,Φ

a2E

{∣∣wHHHf
∣∣2
}
+ a1E

{∣∣wHH1
Hf

∣∣2
}

= a2(a1)μ
2
X(μ2

X,1) + a2(a1)σ
2
X(σ2

X,1)

s.t. (13a), (13b), (13c), (13d),

where

μX(μX,1) = E
{
fHHw(fHH1w)

}
= fHE{H(H1)}w
= fHH̄(H̄1)w,

σ2
X(σ2

X,1) = var
{
fHH(H1)w

}
=

N1∑
i=1

f 2
i

N2∑
j=1

w2
jσ

2
i,j(σ

2
i,j,1)

= fHΛ1(Λ1,1)f

= wHΛ2(Λ2,1)w,

Λ1(Λ1,1) = diag(ϑ),

(ϑ)i =

N2∑
j=1

σ2
i,j(σ

2
i,j,1)|wj |2, ∀i ∈ {1, . . . , N1} ,

Λ2(Λ2,1) = diag(υ),

(υ)j =

N1∑
i=1

σ2
i,j(σ

2
i,j,1)|fi|2, ∀j ∈ {1, . . . , N2} ,

σ2
i,j

(
σ2
i,j,1

)
= var

{
[H]i,j

(
[H]i,j,1

)}
= var

{[
α2Hg

HΦHH̄2
]
i,j

([
α1H̄1

]
i,j

)}

+ var

{[
β2Hg

HΦHH̃2

]
i,j

([
β1H̃1

]
i,j

)}

= β2
2 var

{[
Hg

HΦHH̃2

]
i,j

}
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×
(
β2

1 var

{[
H̃1

]
i,j

})

= β2
2

∥∥∥Hg(:,i)

∥∥∥2
σ2

2

(
β2

1σ
2
1

)
,

α1 =

√
ζ1

ζ1 + 1
, α2 =

√
ζ2

ζ2 + 1
,

β1 =

√
1

ζ1 + 1
, β2 =

√
1

ζ2 + 1
,

H̄ (H1) � E {H (H1)} = α2Hg
HΦHH̄2

(
α1H̄1

)
.

B. Optimization of Φ

Assuming transceiver beamforming vectors are fixed, a1 = 0
and a2 = 1. Only Φ is the decision variable. Also, σ2

X is depen-
dent on f and w, but non-related to Φ. This implies that with
given f andw, Problem P2-1-ub equals to the following problem

P4-1 : max
Φ

μ2
X =

∣∣fHH̄w
∣∣2

(21)

s.t. |φm|2 = 1, ∀m ∈ {1, . . . ,M}. (21a)

We can observe that the form of the above problem is similar to
problem P3-1 in (14), so we also transform problem P4-1 as a
homogeneous QCQP. The steps to solve problem P4-1 are the
same as problem P3-1, with changingH to H̄. Thus, the optimal
φ is solved and the optimal IRS phase matrix Φ can be obtained.

C. Optimization of f

With optimized Φ, given w and a2=1, problem P2-1-ub is
simplified as

P4-2 : max
f

μ2
X + σ2

X = fHΨ1f

s.t. ‖f‖2 ≤ PT ,

where Ψ1 = Ω1 +Λ1, Ω1 = H̄HwwHH̄. Thus, the optimal
beamforming vector of P4-2 is ψ1

max√PT , where ψ1
max is

the eigenvector corresponding to the maximum eigenvalue of
the matrix Ψ1.

D. Optimization of w

Similar to problem P4-2, with optimizedΦ, given f and a2=1,
problem P2-1-ub is simplified as

P4-3 : max
w

μ2
X + σ2

X = wHΨ2w

s.t. ‖w‖2 ≤ 1.

whereΨ2 = Ω2 +Λ2,Ω2 = H̄Hf fHH̄. Then, according to P4-
2, it can be known that the optimal receiving beamforming vector
w = ψ2

max, where ψ2
max is the eigenvector corresponding to

the maximum eigenvalue of the matrix Ψ2.

E. Optimization of a1/a2

With optimized Φ, given f and w, the binary variable a1/a2

can be determined according to the switching condition which

Algorithm 2: Average System Ergodic Capacity Optimiza-
tion Algorithm Based on AO.

Input: Statistical CSI:Hg, H̄1, H̄2, ζ1, ζ2, σ
2
1 , σ

2
2, i = 1

and e = 1
1: for t = 1 : 2D/v do
2: repeat
3: Randomly generate N independent realizations of

beamforming vectors at the BS and MR, and select
the best pair (f ,w) with the maximal SNR;

4: if a2 = 1 then
5: Obtain Φ∗(t) by solving P4-1 with Φ∗(t) =

diag(Φ∗(t));
6: end if
7: Check convergence of inner iteration which is

similar to (18). If yes, set Φ∗(t) = diag(Φ∗(t)),
continue; if not, e=e+1, go to Step 4;

8: Obtain f ∗(t) by solving P4-2;
9: Obtain w∗(t) by solving P4-3;

10: Determine the binary variable a1/a2 by the
switching condition which is similar to (7);

11: Update i=i+1.
12: until The increase of the average system ergodic

capacity between two successive iterations is below
a threshold ε.

13: end for
Output: Φ∗, f ∗,w∗ and the average system ergodic
capacity C.

is similar to (7). The transceiver beamforming optimization of
a1=1 is similar to a2=1, with changing H̄ to H̄1. Moreover,
there is no Φ optimization with a1=1. To sum up, the average
system ergodic capacity optimization problem P2 can be solved
by the AO algorithm. The specific execution steps are summa-
rized in Algorithm 2.

VI. PERFORMANCE EVALUATION

A. Simulation Setup

In this section, we simulate the performance of the proposed
algorithm and analyze the effects under various system param-
eters in terms of the average system throughput and average
system ergodic capacity to verify the effectiveness and efficiency
of the proposed algorithm. Particularly, the transmitting power
of the BSPT is set to be 23 dBm, the horizontal distance between
the BS and each IRS d0 is 100 m, the velocity of the train v is
360 km/h, and the Rician factor ζ1 and ζ2 are both set to be 10, if
not specified. The switch criteria ξ is set to be 15% in this paper,
and it is a variable parameter. On the one hand, if this parameter is
set small, the frequent switching between the two link will easily
occur. On the other hand, if this parameter is set large, it will
make the switch more difficult to trigger, which will reduce the
average system throughput or average system ergodic capacity.
Therefore, after considering the trade-off between the switching
times and system performance, we set ξ as 15% in this paper.
Furthermore, we simulate the impact of the switch criteria ξ in
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TABLE I
SIMULATION PARAMETERS

the following subsection to better illustrate why 15% is selected
in this paper. In addition, the path loss model [53] used in this
paper is as follows

PL = a0 + 10b0 log10 (Dlink) ,

where a0, b0 and Dlink represent the interception, the slope and
the distance of the transceiver link, respectively. In [53], the au-
thors provided the detailed parameter settings. Main parameters
are summarized in Table I.

With the aim at verifying the effectiveness of the Proposed-
algorithm in this paper, two algorithms used as baseline
schemes are as follows:
� Random Phase Shift (RPS): Where the phase-shift vectors
φ of the IRS elements are randomly given a value.

� Without IRS: Where there is no IRS-assisted reflecting
link in the system, and transceivers can only communi-
cate through direct channels. However, the beamforming
method is used to improve the system performance.

B. Impact of ξ

Fig. 2(a) and (b) depict the system performance of the three
schemes in terms of average system throughput and average
system ergodic capacity when the switch criteria ξ varies from
5% to 25%. With the switch criteria increasing, the average
system throughput and the average system ergodic capacity
are both decreasing. That is because if this parameter is set
large, it will make the switch more difficult to trigger, which
will reduce the system performance. Furthermore, in Fig. 2, the
two IRS schemes can both improve the system performance
that in comparison with the Without-IRS algorithm. In addition,
our proposed algorithm reaches the highest average system
throughput compared with the other two baseline schemes.
Take ξ=15% as an example, the proposed algorithm has 11.5%
and 17.8% performance gain in terms of the average system
throughput, respectively. Specifically, when ξ=25%, the per-
formance of the RPS scheme is the same as the Without-IRS
scheme since the phase shift is randomly determined without
optimization, so there is no switch happened between the two
links. However, although the smaller the switch criteria ξ is,
the better the system performance will be, the frequent switch-
ing between the two links will be easily caused. Take ξ=5%
as an example, there are five times switching have occurred
while there are only two times when ξ=15%. It is important
to note that the switching interval is set to be 1 s in this
paper, so there are seven times switching occurred at most.

Fig. 2. System performance of the three schemes under different switch criteria
values (a) The average system throughput; and (b) The average system ergodic
capacity.

Therefore, if ξ is set to be a smaller number, there will be more
switching times occurred between the two links. Consequently,
after considering the trade-off between the switching times and
system performance, 15% is adopted in the following simulation
experiments.

C. Average System Throughput Simulation Under
Instantaneous CSI

1) Impact of PT : Fig. 3(a) and (b) depict the average system
throughput influenced by the transmitting power of the BS
which varies from 5 dBm to 30 dBm, the number of reflection
elements configured for each IRS and the distance between BS
and track Dmin, respectively. It can be seen from Fig. 3(a) and
(b) that as the transmitting power of the BS increases, the signal
intensity received by the MR increases and the average system
throughput increases. By simulating the performance results
of IRS reflection elements number configuration M=64 and
M=100, it can be seen that with the increase of the number of re-
flection elements, the average system throughput also increases.
Moreover, it is obvious that the average system throughputs of all
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Fig. 3. Average system throughput of the three schemes under different PT

values (a) Dmin=30; and (b) Dmin=150.

the three schemes decrease asDmin increases. In addition, given
the transmit power, the number of reflection elements andDmin,
the average system throughput of without IRS scheme is lower
than that of the other two schemes with IRS configuration and our
proposed algorithm has the best performance. That is because
the two with IRS configuration schemes can choose the one that
performs better between direct link BS-MR and reflection link
BS-IRS-MR as the communication link, while the Without-IRS
scheme only has direct link for communication.

2) Impact of d0: Fig. 4(a) and (b) depict the relationship
between the average system throughput and IRS deployment
position under different value of Dmin, respectively. With the
horizontal distance d0 between the IRS and BS increasing, the
average system throughput presents a single-peak trend. When
IRS is deployed about 70 m away from the BS, the average
system throughput reaches the peak. Actually, this is consistent
with the findings in other literature about the IRS deployment,
which shows when the IRS is located near the BS or close to
the user, the system has the best performance [54]. However,
the location of MR is changing all the time in the network.
As a result, the best location of the IRS is to be closer to the
BS in this paper. The reason why the peak value is not at 0 m

Fig. 4. Average system throughput of the three schemes under different d0
values (a) Dmin=30; and (b) Dmin=150.

is because there is only one IRS at this position while there
are two IRSs that are symmetrically deployed about the BS at
other positions. We can also observe that as Dmin increasing,
the average system system throughputs of all the three schemes
decrease. The above discussed observations can provide experi-
mental guidance for the proper deployment of the IRS to improve
system performance. Furthermore, in Fig. 3, it is obvious that
in comparison with the Without-IRS algorithm, the two IRS
schemes significantly improve the system performance in terms
of average system throughput. In addition, our proposed algo-
rithm reaches the highest average system throughput compared
with the other two baseline schemes. Take d0 = 70, M = 100,
Dmin = 30 as an example, the proposed algorithm has 11.6%
and 31.6% performance gain, respectively. Specifically, when
IRS is deployed at the edge of the cell, the performance of the
RPS scheme is close to the Without-IRS scheme since the phase
shift is randomly determined without optimization. Therefore,
due to the link selection is involved in our proposed system
model, the performance improvement of the RPS scheme is
not enough to trigger link switching, so the performance of
this scheme reaches the case of Without-IRS at the cell-edge
scenario.
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Fig. 5. Average system ergodic capacity of the three schemes under different
numbers of IRS reflecting elements (a) Dmin=30; and (b) Dmin=150.

D. Average System Ergodic Capacity Simulation Under
Statistical CSI

1) Impact of M : Fig. 5(a) and (b) depict the system per-
formance of the three schemes under different value of Dmin

in terms of average system ergodic capacity while the number
of reflection elements configured by IRS is varied from 50 to
300, respectively. As the number of reflection elements of IRS
increase, the reflect channel is remarkably improved and the av-
erage system ergodic capacities of the two IRS schemes increase,
while the Without-IRS scheme remains unchanged. Specifically,
the proposed algorithm has the highest average system ergodic
capacity, while the performance of the RPS scheme is lower than
the proposed Algorithm 2 based on AO since the RPS scheme
can not guarantee the phase shift φ is optimal, indicating that
the proposed algorithm improves the system performance to a
great extent in terms of average ergodic capacity. TakeM = 200,
Dmin = 30 as an example, in comparison with the RPS scheme
and the Without-IRS scheme, the proposed algorithm has 14.6%
and 50.4% performance gain, respectively.

2) Impact of ζ1: Fig. 6(a) and (b) depict the system perfor-
mance of the three schemes under different value of Dmin in
terms of average system ergodic capacity when the Rician factor
varies from 0 to 30, respectively. Rician factor is a key parameter

Fig. 6. Average system ergodic capacity of the three schemes under different
ζ1 values (a) Dmin=30; and (b) Dmin=150.

to characterize channel quality, and represents the strong and
weak ratio between LoS component and NLoS component. The
larger the Rician factor is, the stronger the LoS component is
and the better the channel quality is. In this paper, it is assumed
that the Rician factor of the BS-MR direct channel is the same
as the IRS-MR reflect channel, i.e., ζ1=ζ2. When ζ1 → ∞,
it indicates that the NLoS component in the channel can be
ignored. When large-scale shadow fading is not considered, the
channel coefficient of LoS component remains unchanged in a
single time slot, which is a deterministic channel. When ζ1=0,
there is no LoS component in the system and it is Rayleigh
channel. From Fig. 5, we can observe that as the Rician factor
increases, the average system ergodic capacities of all the three
schemes start to increase and then reaches a comparably stable
value when ζ1 equals to 10. To sum up, the algorithm proposed
in this paper has a better performance than the other two baseline
schemes.

VII. CONCLUSION

IRS is a new breakthrough technology that is utilized to
efficiently enhance the system performance. In this paper, we
focus on the IRS assisted mm-wave HSR communication sys-
tem. Two separated sub-problems, the transceiver beamforming
vector and IRS phase shift optimization problems, are for-
mulated respectively to maximize average system throughput
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with instantaneous CSI and maximize average system ergodic
capacity with statistical CSI. The two optimization problems
are constrained by transmitting power and constant amplitude
modulus. Since the constraints of the decision variables are
independent from each other, the AO algorithm is used to solve
the two optimization problems. Finally, numerical results have
proved that the systems that deploy IRS can increase system ca-
pacity while reducing power consumption, and we also observe
that the distance between the BS and IRS has great influence
on the system performance, which can be used to guide the IRS
deployment. In the future work, we will adopt the time-varying
3D Saleh-Valenzuela channel model and take outdated CSI into
account to make our study more practical.
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