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Abstract—In this paper, we analyze the effects of different
types of hardware impairments (HWI), including RIS-HWI,
transceiver HWI, phase quantization errors and random fail-
ures, on vehicular communication system using reconfigurable
intelligent surfaces (RIS) with Doppler mitigation. A closed-form
expression for the received signal-to-noise-and-distortion ratio
(SNDR) of an RIS-aided vehicular communication system with
HWI is derived, and we also show that the average Doppler
spread can be removed completely. The simulation results vali-
date that RIS with HWI is able to bring promising average SNDR
gain (e.g, 3.16 dB) of the received signal, while eliminating the
average Doppler spread, and keeping the delay spread at a very
low range. As a result, using the predictable positions of the
vehicle, the phase shift set of RIS can be designed in advance,
such that channel estimation is not necessary, resulting in lower
implementation complexity.

Index Terms—reconfigurable intelligent surfaces, Doppler ef-
fect, delay spread, hardware impairments, high-mobility vehicu-
lar communication

I. INTRODUCTION

The vehicle with high mobility, e.g., high-speed train, has
severe Doppler effect, resulting in superimposed fast fading
channel between the transmitter and the receiver [1]. Fur-
thermore, this issue brings about many design challenges
such as channel modeling, Doppler shift compensation, time-
varying channel estimation, beamforming design, and re-
source management to high-mobility vehicular communica-
tions nowadays [2]. Therefore, compensating technologies
such as massive multiple-input and multiple-output (mMIMO)
and millimeter wave (mmWave) have been already applied
to the fifth-generation cellular system [3]. However, in the
sixth-generation cellular system, these technologies may not
perform very well since both mMIMO and mmWave have
disadvantages on high hardware costs, energy consumptions
and computational complexities. Given this background, RIS
has emerged as a promising technology to leverage these
challenges [4], [5].

Recently, RIS has attracted widespread attention in vehic-
ular communication to enhance the quality of transmission,
due to its ability to control the complicated propagation
environment [6], [7]. In [8], the authors revisit the multipath
fading phenomenon in the context of RIS, and they show that
using real-time tunable RIS, the rapid fluctuations caused by
the Doppler effect in received signal strength can be effectively
reduced. Besides, [9] proposes a novel and efficient channel
estimation scheme by adding an RIS on a high-speed moving

vehicle to assist the communication between its passenger
and a static base station (BS). However, [6]-[9] all need
channel estimation, which can be difficult to realize especially
in the mobile scenario with high-speed vehicles. The authors
in [10] propose to use useful information such as location and
mobility pattern to design an RIS phase shift set in advance,
which helps to reduce the complexity for beamforming, but
the validation scenario considered is low-Earth orbit instead
of the high-speed vehicular communication system. Inspired
by [10], the authors in [11] introduce a novel anti-Doppler
spread technique in high-mobility vehicular communication
with RIS.

The works [6]-[11] are all based on the assumption of
perfect RIS hardware. However, in most practical situations,
inherent hardware impairments, e.g., phase noises, quantiza-
tion errors, random failures, which generally limit the system
performance, must be considered because of the non-idealities
of the communication devices in the real world [12]-[14].
The authors in [13] investigate the rate performance of RIS-
aided networks with HWI and then compare it theoretically to
relay-aided networks. Considering three cases of the channel
state information availability, the authors in [14] develop
diagnostic techniques for RIS systems to identify and locate
faulty reflecting elements and retrieve failure parameters. To
the best of the authors’ knowledge, there is no paper in
the technical literature that examines the impact of hardware
imperfections on the Doppler and delay spread of RIS-aided
vehicular communication. In this paper, we

o present a general model to accommodate the impact of
hardware imperfections on Doppler and delay spread of
RIS-aided vehicular communication.

« obtain a suboptimal solution for a multi-objective prob-
lem, which aims to maximize SNDR, remove Doppler
spread, and keep delay spread at a low level. Since the
trajectory of the vehicle is predictable, channel estimation
is not needed.

o reveal that in an RIS-aided vehicular communication
system with HWI, the average Doppler and delay spread
could be eliminated completely and be kept at a very low
range, respectively.

o numerically validate the effectiveness and robustness
of the RIS-aided vehicular communication system with
HWI.
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Notation: Lower-case boldface letters denote the column
vector. Upper-case calligraphic letters symbolize the phase
shift set. U is continuous uniform distribution. The functions
(x mod y), [-] and |- | refer to the remainder of the division of
x by y, the ceiling, and the floor of the argument, respectively.
Further, the set of integer is denoted by Z, |- | is the absolute
value, and || - || represents the 5 norm.

II. SYSTEM MODEL

We consider a downlink RIS-aided high-mobility vehicular
communication system, where both of the fixed BS and
moving vehicle are equipped with a single isotropic antenna.
As shown in Fig. 1, the RIS is a uniform planar array
(UPA) composed of M x N elements which are placed on a
rectangular grid spaced @ and b apart in the x — y plane in the
three-dimensional (3D) Cartesian coordinate system, and the
height of the RIS is h. Moreover, we assume that the vehicle
moves at a high constant speed of v meters/second (m/s), the
trajectory of the vehicle is along with the positive direction
of the z-axis, and the position of the vehicle is assumed to
be known, given the speed v, the direction, and the schedule
information.
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Fig. 1. An RIS-aided high-mobility vehicle communication system.

A. Geometry of the RIS

As shown in Fig. 1, assume that the geometric center of
the RIS in the 3D Cartesian coordinate system is (0,h,0)7,
the coordinate of the (m,n)th element of the RIS can be
calculated as [10]

T
pmm==(wOnA%A4LWO%bJV)+7L0> LW

where w(m, a, M) = a[m—0.5((M+1) mod 2)], m € Q(M),
n € Q(N) and

QM) = {[(M—i—l) mod 2)] — V‘;J V‘jJ } @)

Note that w(n, b, N) and Q(N) are obtained in the same way
as w(m,a, M) and Q(M), respectively.

B. Amplitude Gains and Time Delays for Direct Path

We first consider the direct path and the cascaded RIS path
are all line-of-sight (LOS) without hardware impairment. If
the transmitter locates at pr and the instantaneous time is f,
then the direct path amplitude gain Ay is

A/ G (1) GR (1)
Ao = , 3)

4rpr(t) — ||
where GR(t) is the instantaneous transmitter antenna gain
when the observation point is the receiver antenna, and GE(t)
is the instantaneous receiver antenna gain when the observa-
tion point is transmitter antenna. A, denotes the wavelength of
the signal, and ||pgr (t) —pr|| is the Euclidean distance between

the transmitter and the receiver at time ¢.
Accordingly, for the direct path, the baseband signal re-

ceived by the receiver antenna at time ¢ is

So(t) = A [ Prx (t - To(t))il , “)

where x(t) is the transmitted signal with unit power, Pr
denotes the transmit power, and 7((¢) is the time delay from
the transmitter to the receiver in the direct path, given as

To(t) _ ||pR<t)C_ pTH , (5)

where c is the speed of light.

C. Amplitude Gains and Time Delays for Cascaded RIS Path

Based on (3) and (5), and assume G7"" = G"" (t) = 1, we
then obtain the amplitude gain A,, ,, and time delay 7, (%)
for the cascaded RIS path as

A Ghn G (t)
(6)

A = ’
1672 [P — PrlllPR(E) — Pl
— t) —
ron(t) = P = prll PR = Pmall )
c c
Note that G}, , = i—gabcos(HT) and Gf, . (f) =
Fabcos(0r(t)), where Op = arccos(%) and
_ Zrm,n—ZR .
Or(t) = arccos(m). As such, for the m,n-th

element in the cascaded RIS path, the baseband signal at time
tis

Sn(t) = Am,n(t)[ Pra (t () d”;:}(f) )} @®)

where ¢, (t) is phase shift by the m, n-th element of RIS.
Finally, the baseband complex received signal can be written
as

Y1) =Sp(t)eP2r S
+ Z Sm " (t)eszﬂ'fc’rm,n(t)fﬂﬁsmw(t) + n(t), (9)

where n(t) ~ CN(0,0?) denotes the receiver noise.
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III. DOPPLER MITIGATION WITHOUT HARDWARE
IMPAIRMENTS

Using (9), the instantaneous signal-to-noise ratio (SNR) of
the received signal y(t) can be calculated as
Pr(t
SNR(t) = i ),

o2

(10)

where Pr(t) represents the received signal power.
At time ¢, the Doppler spread between the direct path and
the cascaded path is

D, o(t) = femax

m,n

d Gmn(t) d
dt(Tm,n(t)+ orf, >—dt7'0(t)’~ (11)

Similarly, the Doppler spread of the RIS itself at time ¢ is

d ( ¢m,n(t)>
. Tm,n(t) +
dt 27 fe (12)

d ¢m/,n’ (t)
— % <Tm’,n’ (t) + 27‘('fc> .

Since Doppler spread is the largest frequency difference over
the direct and cascaded paths [10], we have the instantaneous
Doppler spread over all paths as

D ris(t) = fo max

!’ ’
m,n,m’n

Ds(t) = maX{D&O(t), DS,RIS(t)}- (13)

The delay spread between the direct path and the cascaded
path at time ¢ is

Cosll . a4

and the delay spread across the RIS at time ¢ is

Taris(t) = max {Tm,n(t) + (b’;;}(t)}

_ min {Tm,n(t) + %n(’f)}

m,n 27 fe

Since delay spread is defined as the largest time difference
over the two paths, the instantaneous delay spread over all
paths is

m,n

T4,0(t) = max {Tm’n(t) +

15)

Ty(t) = max{Tq,0(t), Taris(t)}-

Aiming at maximizing SNR(t) at the receiver, while mini-
mizing Doppler spread D(t) and keeping delay spread T;(t)
at a low range, we want to find a Pareto optimal solution for
a multi-objective problem as follow [11]

(16)

[SNR(t) — Ds(t) (17)

—Ta(t)|.

o X t(t)]

The most important objective of (17) is to maximize the

instantaneous SNR at time ¢. Minimizing Doppler and delay

spread are the second and third objectives, respectively. Based
on [11], the Pareto suboptimal solution can be found as

T(t) = 2m | (fe(T0(t) = Tm.n(t))) mod 1. (18)

IV. DOPPLER MIGRATION WITH HARDWARE
IMPAIRMENTS

A. RIS and Transceiver Hardware Impairments

Since the non-ideality of the hardware cannot be avoided,
the received signal is disturbed by the HWI which exists in
practical devices [12]. At first, we would derive the expression
of the received signal with the RIS hardware impairments
(RIS-HWI). For the system model described in (9), the RIS-
HWI can be regarded as random phase errors in RIS, which
decreases the system performance [15]. Assuming that the
random phase error exists in the m,n-th element of RIS at
time t, (8) can be modified to include RIS-HWI as

SR () = Apn(t)

m,n

27 fe

where p,, ,(t) is stationary process with the following prob-
ability density function (PDF)

{ Pra t—Tm,n(t)—(bm’”(t)_pmm(t))} (19)

a, <x <b,
(20)
, T <a,orz>b,

_1
fp(.%‘,t) = {Sp_ap

Secondly, the transceiver hardware impairments (T-HWI)
can be modeled as additive distortion noises both in transmitter
and receiver [13]. More precisely, assume 7r(t) and ng(t)
are stationary complex Gaussian processes for the distortion
noises generated by the transmitter and receiver, respectively,
then we can rewrite (4) and (19) as

Sg(t) = AO{ Pra (t - To(t)) + nT(t)], 1)

and

SKT (1) = Ay (8) [JE

i (t Cnt) ¢m,n(f;7rffmv"(t)) + nT(t)] .

Hence, (9) can be modified to include RIS-HWI and T-HWI
as

(22)

FT(E) = SE(Be 2 1 3 S (1
o 23)
e_j27rfc7-7n.n(t)_j¢7rL,7L(t)"l‘jpm,,n(t) + nR(t) + n(t)’

where the power spectral density of nr(¢) and ng(t) are k; Pr
and k,.|y(t) —n(t)|?, respectively. k; is the transmitter’s error
vector magnitude (EVM) and «,. is the EVM of the receiver.
The typical value of k; and k, are the same, ranging from
0.01% to 0.15% [12].
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B. Random Failures for the Elements

Faulty reflecting elements of RIS can be denoted by the
Jfailure mask function I, ;, [14]. Assume this function is time-
invariance for one vehicle pass, then we have
r 1 if the m, n-th element is functioning

") Cm€?Omenif the m, n-th element is faulty

24
where (. ~ U|0,1] and 6, , ~ UJ0, 27]. Then, yRT(¢) with
random failure (RFA) can be expressed as follow

Y () = (e T 1S T L ST ()
mn (25)

e_j27rfc7—m,,n(t)_j¢7n,71,(t)+jpnz,n(t) + ,r]R(t) + n(t).

C. Phase Quantization Errors of RIS

When only a discrete set of 29 phases can be configured,
q > 1, the phase quantization error (PQE) of RIS is assumed
to be uniformly distributed over [—2~ 97,2~ %x] [15]. In this
paper, we assume that the PQE ~,,, ,,(¢) is a stationary process
with uniform distribution for one vehicle pass. The PDF of

Ymn(t) 18

1
— s ay, <z <bh
fylw t) = bomen 2T == (26)
0 , T <ayorx>b,.
Then, using (23) and (25), we can obtain a general model to
accommodate the impact of HWI for Doppler and delay spread

as

yHWI(t) _ Sg(t)e—j%rfcm(t) 4 ZrmmSE@T,i(t)

m,n

e_jQchTm,n(t)_j¢m,n(t)""jpvn,?z(t)+j’Ymr,n(t) + nR(t) + n(t)

(27)
with
Spb () = Amon(t) [ Pra (t — T ()
(28)
¢m7n(t) - pm,n(t) - ’Ym,n(t>
- o], ) + ﬁT(t)} .

Therefore, based on (21) and (27), we obtain the SNDR for
yHVI() as

T +AD)P
AP+ w5, T () +

SNDR(t) =

k| T () + A2+ 0%

(29)
where

(1) 2 [sgu) . Aow)} Y

and

Z T [SRT" - Am,n(t)nT(t)]

e_JQﬂ—chWL,n (t)_](bm,,n(t)"l'me,JL (t)+j’)’m,,n(t) .

D. Mitigating Doppler Effects for RIS with Hardware Impair-
ments

Based on (11)-(13), (27), and ignore RFA for simplicity,
the Doppler spread between the direct path and the RIS with
RIS-HWI, T-HWI and PQE can be calculated as

DHWI( ) = f.max i(Tm,n(t)
m,n (30)
+ ¢m,n(t) - pm,n(t) - ’Ym,n(t> _ iT (t)
27 f. dt'°
Then, substituting (18) into (30), we obtain
HWI d
Ds,O (t) = fe maX at (pm n(t) +'Ym,n(t)> ) (31)

and based on (12), the Doppler spread of the RIS itself with
HWI, DE‘Q’IIS (t), is obtained in the same way.
The study of Doppler effects requires to drop the time-

invariance assumption [16]. Therefore, we have the expecta-
tion of DEY(t) as

E{D“W‘( )} =
B fomax| () + 5 (3}

Since stationary process pp, . (t) satisfies the condition of the
differentiability, we have

B{ Glomn(0]} = 5 [E{pma }|

Based on (21), and due to the stationary property of p,, ,(t),
we have

Z[E{pm,n(t)” - % { / b mfp(x,t)dx} =0. (34

Similarly, & {E{*ymn(t)}] = 0, then E{Dg‘(’)vl(t)} =0.1Itis

also not hard to show E DI;%VIIS (t) p =0and E{DEWI(t)} =

0. Therefore, although the HWI brings extra instantaneous
Doppler spread, the average Doppler spread for one vehicle
pass is still zero.

Also, based on (14), (15), their corresponding delay spread
with HWI can be written as

{Tm,n(t) + Fmn(t)

(32)

(33)

- pm,n(t>
27 fe

T(t) = max

— Ymn(t) }

— 70 (t)a
(35)
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2 fe
¢m,n (t) - pm,n(t) - ’men(t)
{Tm,n(t) - 27 f. }

ngls (t) _ ITI}La}L( {Tm,n (t) + ¢m,n(t) — Pm,n (t) — ’Ym,n(t) }

— min
m,n

(36)

Finally, the maximum delay spread with HWI can be calcu-
lated as

T;™(t) = max{Ty oHWI(t), TyrisHWI(t)} -
=Ty (t)-
From (37), we can see that the delay spread THWV!(¢) is

affected by the HWI. However, since f. is usually very large,
compared to ¢p n(£), Pm.n(t), and v, ,(t), the total delay
spread THWI(#) still can be kept at a relatively low range.
From Fig. 2, assume all three cases with the same 2-bit
quantization but different RIS-HWTIs, it can be seen that all
kinds of THWI(¢) are kept to very small values in a typical
high-speed vehicle communication scenario. It is worth noting
that the delay spread (with and without HWI) decreases when
the vehicle approaches the BS. This is because 79 and 7, are
determined by ||pr(t) —pr|| and ||pr(t) — Pm, x|, respectively.
However, when the vehicle is far from the BS (e.g., after
t = 55 s), the delay spread would be almost static.
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Vehicle moving time (s)

43.045

Fig. 2. Té‘IWI(t) for one vehicle pass. All the cases with 2-bit quantization
and different RIS-HWIs .

V. SIMULATION RESULTS

In this section, numerical examples are provided to validate
the robustness and the effectiveness of the suboptimal solution
phase set 7 (¢t) under HWI. We consider a 3D Cartesian
coordinate system where a single RIS locates on z — y plane,
M = N = 256 and a = b = 2. The height of the RIS is
h = 20 m, the vehicle moves at a speed of v = 83.3 m/s,
and the trajectory of the vehicle is straight along the positive
x-axis direction. Moreover, the BS is located at (-50 m, 100
m, 50 m), the vehicle is located at (v-f m, 0 m, 100 m) where
t € Z and its range is from 1 s to 100 s. The start point of
the vehicle is (4000 m, 0 m, 100 m), the carrier frequency
is 2.4 GHz. Besides, the transmit power Pr is set to 20 dBm

and o2 is -80 dBm. We also assume unobstructed view, no
atmospheric effects, and all paths are LOS.
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Fig. 3. Instantaneous SNDR for one vehicle pass. The RIS is only with
different RIS-HWIs.
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Fig. 4. Instantaneous SNDR for one vehicle pass. The RIS is with the ideal
and practical setting, respectively.

Three benchmarks are used, i.e., 1) without RIS, 2) HWI-
free isotropic RIS (ie., G}, , = Gy, . (t) = 1) with phase
shift set 7(t) and 3) HWI-free RIS with phase shift set 7 (t).
The isotropic RIS is used as an upper bound that serves as an
optimal case, and the lower bound is the transmission without
RIS.

Fig. 3 shows the performances for RIS only with RIS-HWI.
It can be seen that the a, = —7/2,b, = m/2 case performs the
worst, as expected. However, even in this unsatisfied case, the
SNDR gain still can be achieved from 1.62 dB to 8.25 dB for
one vehicle pass. Besides, at time ¢t = 48 s, the performances
of all kinds of RISs are the best since in (6), the minimum
value of ||pr(t) — Pm.n| is achieved at this time, i.e., the
largest amplitude gain A,, , is obtained. Similarly, we can
also observe the same pattern for the SNDR gain performance
for different T-HWIs, PQEs and RFAs.

In Table A, we summarize and compare the SNDR gain
for one vehicle pass (i.e., from t = 1 s to t = 100 s) with
different HWIs. The minimum, average and maximum value
of SNR gain for different cases are investigated. For RIS-HWI,
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TABLE A

SNDR GAIN COMPARISON WITH DIFFERENT HWIS.

SNDR gain (dB) Different HWIs | i out HWT | RIS-HWI (n/4,m/3,7/2) | T-HWI (0.012,0.032,0.05%) | PQE (3-bit, 2-bit, 1-bit)
Minimum 2.43 2.21, 2.05, 1.62 243,243,243 2.37,2.21, 1.62
Average 3.89 3.58, 3.35, 2.70 3.87, 3.75, 3.59 3.81, 3.58, 2.70
Maximum 10.87 10.23, 9.72, 8.25 10.35, 8.40, 6.90 10.71, 10.23, 8.25
SNDR gain (dB) Different HWIs without HWI RFA (1%, 3%, 5%) Ideal Setting Practical Setting
Minimum 2.43 2.40, 2.36, 2.32 1.94 1.32
Average 3.89 3.86, 3.80, 3.73 3.16 2.16
Maximum 10.87 10.81, 10.68, 10.55 8.95 5.87
we assume 1) a, = —%, b, = %, 2)a, = —%, b, = % and [4] Q. Wu and R. Zhang, “Towards Smart and Reconfigurable Environment:
3) a, = _g’ bp _ g For THWL, 1) k; = Kk, = 0_012’ 2) Intelligent Reflecting Surface Aided Wireless Network,” I[EEE Commu-

ke = Ky = 0.03%2 and 3) k; = k, = 0.05% are considered.
For PQE and RFA, we assume 1) 3-bit, 2) 2-bit and 3) 1-
bit quantization, and 1) 1%, 2) 3% and 3) 5% failure rate
[14], respectively. The ideal and practical setting cases are
also included in this table. It is interesting to note that when
the SNDR decreases, different T-HWI cases have almost the
same SNDR gain. In other words, T-HWTI is not the dominant
factor that degrades the performance of the whole RIS system
when the SNDR is low.

Fig. 4 depicts the ideal and practical setting performances
for one vehicle pass. For the ideal setting, we use 3-bit
quantization since it is good enough to mimic the continuous
phase set [17]. The elements of the RIS are in good condition
so a, = —m/4,b, = w/4. Besides, assume transceiver works
well, then k, = k, = 0.012 [12], and the random failure
rate is the smallest, i.e., 1%. For the practical setting, 2-bit
quantization, a, = —7/3,b, = 7/3, r; = K, = 0.03%, and
3% random failure rate are used. The result shows that for the
ideal setting scenario, the SNDR gain is from 1.94 dB to 8.95
dB. Moreover, we still have 2.16 dB average SNDR gain in
the practical setting scenario for one vehicle pass.

VI. CONCLUSIONS

In this work, we have analyzed the effects of different hard-
ware impairments on an RIS-aided Doppler effect mitigating
vehicular communication system. The SNDR expression of
the received signal with HWI is obtained, and we show that
the average Doppler and delay spread can be eliminated and
be kept at a low range, respectively. The simulation results
validate the robustness and effectiveness of the RIS with HWI
in the mobile scenario with high-speed vehicles. Although the
HWI cannot be avoided, the RIS still can provide 3.16 dB
average SNDR gain. Doppler mitigation using multiple RISs
with HWI is left open for future work.
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