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Abstract—High-speed train (HST) communications are chal-
lenging due to fast time-varying channels and Doppler effects.
Recently, reconfigurable intelligent surface (RIS) has been envi-
sioned to be one of the most promising technologies for tackling
the difficult problems of HST communications. In this paper, we
first propose a transmission model of the HST communication
system using RIS on the train side. Then, different strategies for
mitigating delay spread (DS) are compared from the perspectives
of the phase shift set design and deployment of the RIS. In
addition, we derive the spectral efficiency (SE) expression of the
proposed system. Numerical evaluations validate the analytical
results and reveal that the RIS on the train side not only increases
SE but also reduces DS.

Index Terms—Reconfigurable intelligent surface, Doppler ef-
fect, delay spread, high-speed train communications, spectral
efficiency

I. INTRODUCTION

Reconfigurable intelligent surface (RIS), also known as
intelligent reflecting surface, has become an innovative tech-
nique that allows control of the electromagnetic environment
[1]. Recently, RIS has been envisioned to be a potential
technology for high-speed train (HST) communication sys-
tems to achieve high spectral efficiency (SE) and energy
efficiency [2]. In contrast to other wireless networks, the
high mobility of the transceivers and the significant signal
penetration loss passing through carriages characterize the
HST communication. Consequently, many design difficulties,
such as channel modeling, Doppler effect compensation, and
time-varying channel estimation, arise as the results of these
unique traits [3], [4].

There have already been some studies on RIS-assisted
high-speed communications. In [5], the author revisited the
multipath fading phenomenon in the context of RIS and
showed that using real-time tunable RIS, the rapid fluctuations
caused by the Doppler effect in received signal strength can
be effectively mitigated. In [6], the authors introduced a
general time-varying model for RIS-aided communication in
the high-mobility scenario. The authors of [7] proposed to
use positioning information such as GPS signals to design
RIS phase shift sets, which helps to reduce the complexity of
beamforming. Besides, the authors of [8] introduced a novel
anti-Doppler technique in high-mobility vehicular communi-
cations using RIS, and it is shown that the roadside RIS can

maximize the signal-to-noise ratio and mitigate Doppler spread
simultaneously.

The above works [5]–[8] all considered the RIS next to the
base station (BS), i.e., on the roadside. However, in the HST
communication, the RIS can also be deployed on the vehicle
side. Huang et al. [9] studied a high-speed communication
system with the RIS deployed in a moving vehicle to assist its
passenger’s communication with the static BS on the roadside.
The results showed that the RIS on the vehicle side can
obtain high passive beamforming gain as well as convert the
overall channel from fast to slow fading. Besides, Xu et al.
[10] showed that improving the RIS-user link of the cascaded
channel is more beneficial than that of the BS-RIS link. But
both [9] and [10] did not consider the delay spread (DS)
minimization, which is important to the HST communication
[3], [4].

In this paper, we study the delay spread minimization
using RIS on the train side in the HST communication. Our
contributions are as follows:

• Different from the railroad side RIS, we first present a
transmission model to accommodate the HST communi-
cation system using the RIS on the train side.

• Then, we compare different phase shift sets and deploy-
ment strategies for minimizing the DS.

• Lastly, the SE expression is derived for the proposed
system.

Notation: Lower-case boldface letters denote the column
vector. The function (x mod y) refers to the remainder of
the division of x by y. Superscript [·]T stands for transpose
operation. Besides, ⌈·⌉ denotes the ceiling of the argument, ⌊·⌋
is the floor function, the set of positive integer set is denoted
by Z+

0 , | · | is the absolute value, ȷ ≜
√
−1, and ∥·∥ represents

the l2 norm.

II. SYSTEM MODEL

We consider a downlink transmission model where an RIS
consisting of M×N isotropic1 reflecting elements is deployed
on a HST to assist the communication from a static BS next

1Isotropic denotes the antenna gain of each element of the RIS is 1, i.e.,
it radiates equal signal power in all directions without antenna gain loss. A
more practical non-isotropic case is left open for future work.



to the railroad to an in-train user with a speed v meters /
second (m/s). The BS and the user both equip single isotropic
antenna, and with the positions pBS = [xBS, hBS, zBS]

T and
pU(t) = [xstart+v·t, hU, zU]

T, respectively. Note that xstart is
the starting point of the HST. As shown in Fig. 1, the RIS is a
uniform planar array that is placed on a rectangular grid spaced
dx and dy apart in the three-dimensional Cartesian coordinate
system, and the heights of the RIS, the BS, and the user are
hRIS, hBS and hU, respectively. Furthermore, the channel state
information (CSI) can be obtained via the methods proposed
in [11] and [12]2, and the trajectory of the HST is along the
x-axis direction.

The position vector of the (m,n)-th element on the RIS is

p̄m,n(t) =
[
ω(m, dx,M) + ∆ + xstart + v · t,

ω(n, dy,N) + hRIS, zU
]T

, (1)

where ∆ is the distance between the user and the center of
the RIS on the x-axis, and ω(m, dx,M) = dx(m−0.5((M +
1) mod 2)), m ∈ Ω(M) with

Ω(M) =

{(
(M + 1) mod 2)

)
−
⌊
M

2

⌋
, . . . ,

⌊
M

2

⌋}
, (2)

and ω(n, dy,N) is obtained in the same way as ω(m, dx,M).

Fig. 1. An train side RIS aided HST communication system.

Since the RIS cannot reflect the signal to the user if it
parallels the xoy plane, we rotate γ ∈ [0, π/2] degrees in
the opposite direction (i.e., counterclockwise direction ) along
the y-axis. Therefore, the practical position vector of the RIS
is pm,n(t) = ΓT(γ)p̄m,n(t), where Γ(γ) is

Γ(γ) =

 cos(γ) 0 − sin(γ)
0 1 0

sin(γ) 0 cos(γ)

 . (3)

Suppose the channels are all light-of-sight (LoS) [4], and
small-scale fading is ignored. Then, at time t, the gain for the
direct link between the BS and the user is

2If the mobility pattern is predicted (e.g., positioning information [7] and
HST operation patterns [4], [8]), the CSI can be partly obtained in advance.

A0(t) =
λc

4π∥pU(t)− pBS∥
, (4)

where λc denotes the wavelength of the signal, and ∥pU(t)−
pBS∥ is the Euclidean distance between the BS and the user at
time t. Also, the instantaneous gain of the (m,n)-th element
of the RIS can be obtained as

Am,n(t) =
λ2
c

16π2∥pm,n(t)− pBS∥∥pU(t)− pm,n(t)∥
, (5)

where ∥pm,n(t) − pBS∥ and ∥pU(t) − pm,n(t)∥ are the
distances from the (m,n)-th element to the BS, and from the
user to the (m,n)-th element, respectively. It is noteworthy
that different from [5], [7], [10]–[12], the position of the RIS
in this paper is related to the time t.

Besides, the time delays of the direct link and cascaded link
at time t are

τ0(t) =
∥pU(t)− pBS∥

c0
, (6)

and

τm,n(t) =
∥pm,n(t)− pBS∥+ ∥pU(t)− pm,n(t)∥

c0
, (7)

respectively. If ϕm,n(t) ∈ (0, 2π] denotes the phase shift of
the (m,n)-th element on the RIS, Θ0(t) ≜ e−ȷ2πfcτ0(t) and
Θm,n(t) ≜ e−ȷ2πfcτm,n(t)−ȷϕm,n(t) are the phase part of the
direct and the cascaded links, respectively. Thus the received
signal can be obtained as

y(t) = S0(t)Θ0(t) +

M,N∑
m=1,n=1

Sm,n(t)Θm,n(t) + w, (8)

where

S0(t) = A0(t)

{√
Ptx(t− τ0(t))

}
, (9)

and

Sm,n(t) = Am,n(t)

{√
Ptx(t− τm,n(t)−

ϕm,n(t)

2πfc
)

}
. (10)

Note that x(t) is the transmit signal with E{|x(t)|2} = 1, Pt

is transmit power, fc is carrier frequency, and w is a white
Gaussian noise process with power spectral density N0. We
don’t consider hardware impairments (HWI) in this paper3.

III. DELAY SPREAD MITIGATION

In this section, we first give the expression for the DS of the
RIS-assisted HST communication system. Then, we minimize
the DS by optimizing the phase shift set and the deployment
of the RIS.

3When considering HWI, the Doppler spread still can be almost removed
by the RIS. However, the delay spread may increase when the RIS HWI
becomes severe [7], [13].



A. Delay Spread Expression

The DS of the RIS-assisted high-speed communication
system is defined as the maximum propagation time differ-
ence over the direct and cascaded paths [8], i.e., T (t) =
max{T0(t), TRIS(t)}. Note that T0(t) is the DS between the
direct path and the RIS which can be expressed as

T0(t) = max
m,n

{
τm,n(t) +

ϕm,n(t)

2πfc

}
− τ0(t), (11)

and TRIS(t) is the DS across the RIS itself, which is defined
as follow

TRIS(t) = max
m,n

{
τm,n(t) +

ϕm,n(t)

2πfc

}
−

min
m′,n′

{
τm′,n′(t) +

ϕm′,n′(t)

2πfc

}
. (12)

Since τ0(t) < min{τm,n(t)+
ϕm,n(t)
2πfc

}, then T0(t) > TRIS(t).
Therefore, T (t) = max{T0(t), TRIS(t)} = T0(t).

It has been proved that the RIS can maximize the received
power and remove the Doppler spread [6], [7], and the
optimized phase shift set is

ϕ∗
m,n(t) = 2π

{
fc
(
τ0(t)− τm,n(t)

)
+ km,n(t)

}
, (13)

where km,n(t) ∈ Z+
0 , and larger or equals to fc(τm,n(t) −

τ0(t)). Specifically, since (τ0(t) − τm,n(t)) < 0, ϕ∗
m,n(t)

should contains extra full carrier delay 2πkm,n(t) to ensure
the final phase shift range is (0, 2π]. By doing so, the Doppler
spread can be removed, although the Doppler shift still exists.

B. Delay Spread Mitigation on Phase Shift Set

Using (13), we then have

T (t) = max
m,n

{
τm,n(t) +

ϕ∗
m,n(t)

2πfc

}
− τ0(t)

=
1

fc
max
m,n

{
km,n(t)

}
. (14)

Thus, the DS mitigation problem can be obtained as follow

(P1) : min
km,n(t)

1

fc
max
m,n

{
km,n(t)

}
(15)

s.t. km,n(t) ≥ ⌈fc(τm,n(t)− τ0(t))⌉, (16)

Based on (14), if we want to minimize T (t), the km,n(t)
should be as small as possible. Therefore, the solution of (P1)
is koptm,n(t) = ⌈fc(τm,n(t) − τ0(t))⌉. Finally, the optimized
phase shift is

ϕopt
m,n(t) = 2π

{
fc
(
τ0(t)− τm,n(t)

)
+ koptm,n(t)

}
. (17)

C. Delay Spread Mitigation on Deployment

Based on (17), the DS T (t) can be obtained as

T (t) =
1

fc
max
m,n

{
⌈fc(τm,n(t)− τ0(t))⌉

}
. (18)

So if we want to minimize T (t) further, then (τm,n(t)−τ0(t))
should be minimized. Recall (6) and (7), we have

τm,n(t)− τ0(t) =
∥pm,n(t)− pBS∥+ ∥pU(t)− pm,n(t)∥

c0

− ∥pU(t)− pBS∥
c0

. (19)

It is important to note that we cannot increase the direct
link distance ∥pU(t)−pBS∥ since this will cause a higher path
loss. However, we can reduce the distance of the cascaded link
instead. For the railroad side RIS case, the variation distance
of the cascaded link is the RIS-user part [8]. Note that the
relative distance between the static RIS and the high-mobility
user changes rapidly, which causes high variations in channel
phases and also results in a severe misalignment between direct
and cascaded links. Therefore, if the RIS-user distance is fixed
and small, then not only does the path loss decrease, but
also the channel can become quasi-static. Given these reasons,
deploying the RIS on the train is a better choice. Accordingly,
∥pU(t)−pm,n∥ becomes ∥pU(t)−pm,n(t)∥, which is almost a
constant value during the operation time of the HST. Another
reason is that the BS-RIS distance in the railroad side RIS
case is often larger than the RIS-user distance in the train side
RIS case [4]. Thus, a smaller path loss can be obtained in the
latter case.

Given the reasons above, from the deployment perspective,
the RIS should be deployed on the vehicle side. Table I
compares and summarizes three different strategies.

IV. SPECTRAL EFFICIENCY ANALYSIS

In this section, we derive the SE expression of the proposed
system. In order to compute the SE, we use the phase shift
set ϕopt

m,n(t) in (17). Using this shift set, we can obtain the SE
as follow

SE(t) = E
{
log2

{
1 +

|y(t)− w|2

N0

}}
= log2

{
1 +

Q
N0

}
, (20)

where

TABLE I
COMPARISON BETWEEN DIFFERENT DS MINIMIZATION STRATEGIES.

Strategy Phase Shift Set Deployment
(13) CANNOT min{T (t)} N/A

(17), Railroad Side CAN min{T (t)} CANNOT min{T (t)}
(17), HST Side CAN min{T (t)} CAN min{T (t)}



Q = E{|y(t)− w|2} = Pt

{
A2

0(t) +A⋆(t)+

M,N∑
m=1,n=1

A2
m,n(t) + 2A0(t)

M,N∑
m=1,n=1

Am,n(t)

}
, (21)

and

A⋆(t) =A1(t)

MN∑
k ̸=1

Ak(t) +A2(t)

MN∑
k ̸=2

Ak(t) + · · ·

+AMN (t)

MN∑
k ̸=MN

Ak(t). (22)

Note that k = 1, . . . ,MN , and we use E{log2(1 + x/y)} ≈
log2(1 + E{x}/E{y}) [7] in (20) to approximate.

Special Case: If each element of the RIS is with nearly the
same gain A1, we then have

SEA1
(t) ≈ log2

{
1 +

Q̂
N0

}
, (23)

where

Q̂ ≈ Pt

{
A2

0(t) +A2
1(t)(MN)2+

2A0(t)A1(t)MN

}
. (24)

Remark: If the direct link is blocked, then the received
power A2

1(t)(MN)2 is proportional to (MN)2, which is
consistent with the square power law of the RIS-aided com-
munication system [14].

V. SIMULATION RESULTS AND DISCUSSIONS

In this section, numerical examples are provided to validate
the results in Sections III and IV. We assume the BS is located
at [0 m, hBS m, 20 m]T, and the user in the HST locates at
[xstart + v · t m, hU m, 50 m]T where t ∈ Z+

0 and its range
is from 1 s to 100 s. Two benchmarks are used, i.e., without
RIS and RIS on the railroad side [8]. Note that the position of
RIS in the latter case is4 pm,n = [ω(m, a,M), ω(n, b,N) +
hRIS, 0]

T. Besides, since the elements of the RIS in this paper
is isotropic, the area of each one should be adapted to the
carrier frequency fc [7]. Related parameters are shown in Table
II.

Fig. 2 shows the effectiveness of the proposed DS minimiza-
tion strategy. In particular, the case with phase shift ϕopt

m,n(t)
and the RIS on the HST side has the lowest DS, as expected.
This is because in this case, the km,n(t) can be optimized
dynamically by the RIS, and the distance of the RIS-user link
is shorter. Moreover, the case with phase shift ϕ∗

m,n(t) has

4Note that normally hRIS of the railroad side RIS case is higher than that
of the train side RIS case, while we set the same height for the two cases in
this paper for a fair comparison.

TABLE II
SIMULATION PARAMETERS [8], [15]

Parameters Values
BS height (hBS) 20 m
RIS height (hRIS) 3 m
User height (hU) 1.5 m
Distance between the user and the center of the RIS (∆) 3 m
Speed of the vehicle (v) 55 m/s
Start point of the vehicle (xstart) -5000 m
Total time 200 s
Transmit power (Pt) 20 dBm
Power spectral density (N0) -80 dBm/Hz
Carrier frequency (fc) 2.4 GHz
The number of elements on RIS (M ×N ) 64 × 64
Rotate Angle (γ) 45◦

Rectangular grid spacing of the RIS (dx, dy) λc
2
√

π
, λc
2
√

π
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Fig. 2. Delay Spread for One Vehicle Pass.

a higher fixed delay spread. This is because the km,n(t) in
this case is a constant value. However, even the km,n(t) is
not optimized, the HST side RIS case with ϕ∗

m,n(t) still has
a lower DS compared to the case that RIS on the railroad
side and with the optimal phase shift ϕopt

m,n(t). This result
reveals that the appropriate deployment strategy of the RIS
can significantly reduce the DS. Besides, if we change the
locations of the user and the RIS, the changing pattern of the
DS is different. In particular, if ∆ = −3 m, then the DS
decreases when the HST passes by the BS. However, the HST
side RIS case with ϕopt

m,n(t) can always guarantee the lowest
average DS.

Fig. 3 shows all SEs increase when the HST approaches the
BS. This is because when the distances ∥pU(t)− pBS∥ in (4)
and ∥pm,n(t)− pBS∥ in (5) become small, the channel gains
A0(t) and Am,n(t) increase. Furthermore, the highest point
of all SEs is at around 5000 m. This is expected because,
at this distance, the distance between the BS and the user is
the smallest. In other words, A0(t) is the largest at this time.
Besides, the HST side RIS case performs better than the case
with the railroad side RIS. This is because when the RIS is
on the HST side, the path attenuation decreases.

Fig. 4 shows the cumulative distribution function (CDF) of
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Fig. 4. CDF of Spectral Efficiency for One Vehicle Pass.

the SE for one vehicle pass. As expected, the RIS on the
HST side performs the best. If we look at the 95% likely SE,
indicated by the dashed line where the CDF value is 0.05,
there is a 1.95 bit/s/Hz difference between the HST side and
the railroad RIS. More precisely, the RIS on the HST side
guarantees a SE of 2.23 bit/s/Hz (or higher) at 95%, while the
RIS on the railroad side and without RIS only guarantee 0.28
and 0.04 bit/s/Hz, respectively.

It is worth noting that in practical scenarios, the system
performance would also be affected by the rotation angle γ
[16]. In particular, if the element is not isotropic, then there
exists an optimal rotation angle that can maximize the antenna
gain of the cascaded link. However, pursuing this maximized
gain in this paper is challenging since 1) obtaining precise
CSI is difficult, especially in high-speed communications,
which makes γ inaccurate; 2) rotating the RIS would cost
extra energy, which is not energy efficient. But in quasi-static
scenarios, rotating RIS to obtain the extra degrees of freedom
to optimize the system performance is possible [16].

VI. CONCLUSION

In this paper, we have minimized the delay spread of
the RIS-assisted HST communication system by deploying
the RIS on the train side. Besides, we have derived the SE
expression of the proposed system. The simulation results
have validated all the theoretical results. It has revealed that
deploying the RIS on the train side can not only mitigate
DS but also improve SE. A more practical case with Rician
channels is left open for future work.
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