
DRAFT 1

Channel Estimation for Reconfigurable Intelligent
Surface Assisted High-Mobility Wireless Systems

Chao Xu,Senior Member, IEEE,Jiancheng An, Tong Bai,Member, IEEE,Shinya Sugiura,Senior Member, IEEE,
Robert G. Maunder,Senior Member, IEEE,Zhaocheng Wang,Fellow, IEEE,Lie-Liang Yang,Fellow, IEEE

and Lajos Hanzo*Life Fellow, IEEE

Abstract—Next-generation communication systems aim for
providing pervasive services, including the high-mobility scenar-
ios routinely encountered in mission-critical applications. Hence
we harness the recently-developed reconfigurable intelligent sur-
faces (RIS) to assist the high-mobility cell-edge users. More
explicitly, the passive elements of RISs generate beneficial phase
rotations for the reflected signals, so that the signal power
received by the high-mobility users is enhanced. However, in
the face of high Doppler frequencies, the existing RIS channel
estimation techniques that assume block fading generally result
in irreducible error floors. In order to mitigate this problem, we
propose a new RIS channel estimation technique, which is the
first one that performs minimum mean square error (MMSE)
based interpolation for the sake of taking into account the time-
varying nature of fading even within the coherence time. The
RIS modelling invokes only passive elements without relying on
RF chains, where both the direct link and RIS-reflected links as
well as both the line-of-sight (LoS) and non-LoS (NLoS) paths
are taken into account. As a result, the cascaded base station
(BS)-RIS-user links involve the multiplicative concatenation of
the channel coefficients in the LoS and NLoS paths across the
two segments of the BS-RIS and RIS-user links. Against this
background, we model the multiplicative RIS fading correlation
functions for the first time in the literature, which facilitates
MMSE interpolation for estimating the high-dimensional and
high-Doppler RIS-reflected fading channels. Our simulation re-
sults demonstrate that for a vehicle travelling at a speed as high
as 90 mph, employing a low-complexity RIS at the cell-edge using
as few as 16 RIS elements is sufficient for achieving substantial
power-effieincy gains, where the Doppler-induced error floor is
mitigated by the proposed channel estimation technique.

Index Terms—Reconfigurable intelligent surface, channel esti-
mation, channel state information, minimum mean squared error,
high-Doppler, non-line-of-sight, passive beamforming.

I. I NTRODUCTION

The recently-developed reconfigurable intelligent surfaces
(RIS) [1]–[6] consist of a large number of low-cost passive
elements, which are managed by a smart micro controller.
Each RIS element is configured to apply an adjustable phase
rotation to the signal reflection, so that the received signals
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can be constructively enhanced at the desired user and/or
destructively nulled at the non-intended users. As a result, RISs
are capable of beneficially reconfiguring the wireless propaga-
tion environement. More explicitly, first of all, the recentde-
velopments in micro-electromechanical systems have enabled
the RIS phase shifts to be adjusted near-instantaneously [7],
which prevents energy-efficiency loss due to the phase-tuning
latency. Secondly, compared to the half-duplex amplify-and-
forward (AF) as well as decode-and-forward (DF) relaying
schemes [8]–[12], the RIS passively reflects signals without
using active radio frequency (RF) chains. As a result, the
RIS is capable of operating in full-duplex mode without
encountering detrimental self-interference problems. Thirdly,
thanks to the elimination of the RF chains, the RIS does not
impose extra thermal noise on the reflected signals. Fourthly,
since the RIS elements are typically of sub-wavelength size,
the low-cost light-weight surface is generally fabricatedin
a compact form. This facilitates their flexible and low-cost
deployment on building facades, room-ceilings, lamp posts,
laptop cases or even on human clothing [13], where favourable
line-of-sight (LoS) propagation is observed. Furthermore, the
integration of RIS in wireless communication systems does not
require any standardization modifications. Inspired by these
distinct advantages, substantial recent research effortshave
been invested in designing smart RIS solutions for a varietyof
wireless communications scenarios for improving the cellular
throughput and coverage-quality [3], [14], [15], the physical
layer security [16]–[18], mobile edge computing [19] as well
as simultaneous wireless information and power transfer [20].

To reap the appealling benefits of passive RIS in practical
systems, it is of paramount importance to obtain accurate
Channel State Information (CSI) for phase configuration.
However, the CSI acquisition is far from trivial due to both
the passive nature of RIS, and due to the associated high-
dimensional channels. The existing literature of RIS channel
estimation may be classified into the following four main cate-
gories. First of all, the LoS-based schemes [14], [21]–[23]con-
figure the RIS purely based on the deterministic LoS knowl-
edge of positioning, angle-of-arrival/departure (AoA/AoD),
which lead to sub-optimal solutions due to the fact that the
non-LoS (NLoS) propagation components are completely ig-
nored. Secondly, the partially active arrangements of [24]–[26]
still rely on a small number of RF chains used for sounding the
channels for a certain fraction of the RIS elements. Then the
full channel knowledge of all RIS elements may be constructed
using compressive sensing and deep learning tools. However,
this hybrid philosophy tends to contradict to the motivation of
using passive RIS elements, resulting in an increased hardware
cost and power consumption. Thirdly, the schemes in [27]–
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Fig. 1: RIS assisted high-mobility wireless communication systems.

[31] proposed the ON/OFF and discrete Fourier transform
(DFT) based RIS patterns for cascaded channel estimation.
More explicitly, the ON/OFF based least square (LS) schemes
[27], [28] successively estimate the cascaded base station
(BS)-RIS-user links by activating a single RIS element in
a time slot, so that the interference between RIS elements
used for channel estimation is avoided. However, the direct
link spanning from the transmitter to the receiver is always
present, which consitutes one of the key differences between
RISs and the classic backscatter techniques [3]. As a result, the
direct link has to be estimated first, which is then substracted
from the subsequent reflected links. In order to improve this,
both the LS and the minimum mean squared error (MMSE)
methods of [29]–[31] activate all of the RIS elements based on
the classic DFT matrix, so that the direct link and all reflected
links become orthogonal for channel estimation. Fourthly,as
the number of RIS elements grows, the pilot overhead can
be further reduced by grouping [27], [32], [33], compressive
sensing [34], [35], deep learning [36] and matrix factorization
[37]–[40].

At the time of writing, the deployment of 5G New Ra-
dio (NR) [41] is well underway. The next-generation wire-
less communication systems aim for achieving the ambitious
goal of 10-fold increased capacity for the enhanced mobile
broadband scenarios, in conjunction with ubiquitous coverage.
Specifically, high-mobility high-Doppler scenarios are often
encountered in the current and future wireless communication
networks. To name a few, the 5G systems are envisioned
to support a highway car velocity of up to 140 km/h and
high-speed train velocity of 500 km/h [42]–[44]. Moreover,
the modernization of air traffic management (ATM) plans to
improve the existing communication links for aircraft that
travel at 1080 km/h [45], [46]. In the much-anticipated space-
air-ground integrated network [47], both the 5G networks
and the next-generation ATM are developing standards for
unmanned aerial vehicles (UAVs) popularly known as drones
or quadcopters [48], [49]. The low-altitude rotary-wing UAVs
are generally permitted to travel at a speed up to 108 km/h,
while the high-altitude fixed-wing UAVs may exceed the speed
of sound. For the sake of mitigating the extra costs of capital
expenditures (CAPEX) and operating expenses (OPEX) of

building new BSs with short visibility, the RIS is particularly
suitable for extending the coverage for the high-mobility
terrestrial vehicles or low-altitute UAVs travelling nearthe
cell-edge, as portrayed in Fig. 1.

However, all of the aforementioned RIS designs are based
on the idealized simplifying assumption that the fading chan-
nels remain constant over the entire frame of signal transmis-
sion, as long as the frame duration is within the coherence
time. Let us be reminded that the conception of coherence
time defines the time duration over which the multipath fading
is strongly correlated, rather than being perfectly constant.
In the face of high Doppler frequencies, the existing RIS
channel estimation techniques that assume perfectly time-
invariant block fading generally suffer from irreducible error
floors, whenthe multipath fading is in fact time-varying
albeit correlated within the coherence time. To elaborate, a
selection of representative RIS channel estimation techniques
are summarized in Table. I. In terms of RIS modelling, the
three essential features of having purely passive elements, tak-
ing into account the direct link as well as creating favourable
LoS propagation are highlighted in Table. I, where the existing
schemes exhibit pros and cons. Furthermore, in the face of
high-mobility, the following three key modelling properties
are considered in Table. I.First of all , the AoAs and AoDs
have to be updated in real time.Secondly, the LoS path
experiences a high frequency offset∆fLOS, which is a function
of both the Doppler frequency and of the AoA [44], [50]–[53].
Thirdly, the NLoS components become time-varying within
coherence time, where the correlation in the time-domain is
determined by the normalized maximum Doppler frequencyfd

[54], [55]. To the best of our knowledge, the ON/OFF-based
MMSE scheme proposed in this paper is the first one that
is capable of mitigating the error floor for RIS assisted high-
mobility systems operating in time-varying fading channels, as
summarized by Table I. In summary, the novel contributions
of this work are as follows:

• New RIS-aided high-mobility system design: In order to
provide reliable coverage for a high-mobility cell-edge
user, who may suffer from severe path loss, obstacle-
induced blockage and high NLoS attenuation, we propose
to deploy a RIS-assisted complementary link. The phase
rotations of the reflected links are optimized in order to
maximize the received SNR at the high-mobility user. In
contrast to the perfectly constant block fading model used
in all of the aforementioned RIS-assisted schemes, time-
varying Ricean fading channels are considered, where the
fading coefficient varies from symbol to symbol. More
explicitly, on one hand, both the AoA/AoD as well as
the Doppler-induced frequency offset∆fLOS of the LoS
component are taken into account. On the other hand, the
NLoS components are generated based on Clarke’s model
[54], [55], where the correlation between the fading
elements versus time is determined by the normalized
maximum Doppler frequencyfd.

• Novel ON/OFF-based MMSE CSI estimation technique:
In the face of high-mobility, the conventional ON/OFF
and DFT based channel estimation techniques [27]–[31]
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TABLE I: Summary of representative channel estimation techniques for RIS assisted communication systems.

Scenarios Method
RIS modelling Adaptive to mobility

Purely Direct Considered Adaptive to Considered Adaptive to
passive? link? LoS? AoA/AoD? ∆fLOS? high fd?

Han et al. [21] Narrowband single-user LoS knowledge
√ √ √ √

Tahaet al. [24] Wideband single-user
Compressive sensing deep
learning

√

Yang et al. [27] Wideband single-user ON/OFF-based LS
√ √ √

Wanget al. [28] Narrowband multi-user ON/OFF-based LS
√ √ √ √

Jensenet al. [29] Narrowband single-user DFT-based LS
√ √

Zhenget al. [30] Wideband single-user DFT-based LS
√ √ √

Nadeemet al. [31] Narrowband multi-user DFT-based MMSE
√ √ √ √

You et al. [33] Narrowband single-user DFT-based LS
√ √

Chenet al. [35] Narrowband multi-user Compressive sensing
√ √

Ma et al. [36] Narrowband single-user Deep learning
√ √ √

He et al. [37] Narrowband single-user Matrix factorization
√ √

Liu et al. [40] Narrowband multi-user Matrix factorization
√ √ √ √

Our solution Narrowband single-user ON/OFF-based MMSE
√ √ √ √ √ √

all inevitably suffer from irreducible error floors. In order
to mitigate this problem, we propose a novel ON/OFF-
based MMSE channel estimation scheme for RIS-aided
high-mobility systems. Taking into account the distinct
RIS properties, we suitably adapt the conventional chan-
nel estimation techniques for the direct-link-only scenario
[44], [48], [50]–[52] in the following three major aspects.
Firstly, the proposed ON/OFF-based MMSE technique
requires a total number of(1 + M) time slots for
evaluating the direct link and theM reflected links one by
one, where the estimated direct link has to be substracted
from the estimates of the reflected links.Secondly, the
conventional direct-link-only communication techniques
[44], [48], [50]–[52] are generally assumed to be able
to buffer a large number of frames. Explicitly, when
evaluating the CSI of theu-th frame, the conventional
techniques take into account both⌊Nw/2⌋ pilots from the
“past” frames transmitted before theu-th frame as well
as (Nw − ⌊Nw/2⌋ − 1) pilots from the “future” frames
transmitted after theu-th frame. By contrast, in the RIS-
assisted systems, the proposed technique has to provide
instantaneous CSI estimation for the sake of RIS phase
configuration, hence only the frames received in the past
can be exploited.Thirdly, the fading model of the RIS-
assisted high-mobility systems has to adapt to both the
improved dimension and the RIS-induced multiplicative
fading correlation functions, where the cascaded BS-RIS-
user links involve multiplications of the LoS and NLoS
elements across the two segments of BS-RIS and RIS-
user links. Against this background, we model the multi-
plicative RIS fading correlation functions for the first time
in the literature, which facilitates MMSE interpolation
for estimating the high-dimensional high-Doppler RIS-
reflected fading channels.

• Numerical validations and evaluations: Both analytical
and numerical results are provided for the sake of vali-
dating the performance of our RIS assisted high-mobility
wireless systems. Our simulation results demonstrate that
for a vehicle travelling at a speed as high as 90 mph,
employing a low-complexity RIS at the cell-edge using
as few as 16 RIS elements is sufficient for achiev-
ing substantial power-effieincy improvements, where the
Doppler-induced error floor is mitigated by the proposed
channel estimation technique.

The rest of this paper is organized as follows. Our RIS-
assisted high-mobility system model and our problem formu-

lation are discussed in Sec. II. The existing channel estimation
techniques and the proposed solutions are presented in Sec.III.
Finally, our system performance results and conclusions are
offered in Sec. IV and Sec. V, respectively.

The following notations are used throughout the paper.
The operations(·)∗ and (·)H denote the conjugate of a
complex number and the Hermitian transpose of a complex
matrix, respectively.ln(·) andexp(·) refer to natural logarithm
and natural exponential functions, respectively.p(·) and E(·)
represent the probability and the expectation, respectively.
CN (µ, σ2) refers to complex Gaussian distribution with mean
µ and varianceσ2. a ∈ CN×1 refers to a complex-valued
vector of size(N × 1), andA ∈ C

c×d denotes thatA is a
complex-valued matrix of size(c × d).

II. SYSTEM MODELLING AND PROBLEM FORMULATION

A. Three-Dimensional Schematic Representation
We consider a downlink scenario where the coverage of

a high-mobility user is enhanced by a RIS, as portrayed in
Fig. 1. In this paper, a single antenna is used both at the source
and at the destination, which minimizes the CSI estimation
overhead in the high-mobility scenarios considered. We note
that as the number of antennas is increased at the BS and/or the
user, the channel estimation scheme conceived in this paper
can be directly applied using an ON/OFF pattern of antennas.
However, this results in both an excessive pilot overhead and
an extended interpolation window for the high-dimensional
RIS link that grows with the number of antennas, which is
not preferred in the high-mobility scenarios considered inthis
paper.

The RIS is assumed to be comprised ofM passive reflecting
elements, where a uniform planar array (UPA) is adopted. The
RIS phase rotations at then-th time slot are configured as
αn = [α1

n, · · · , αM
n ]T , where{|αm

n | = 1}M
m=1 are optimized

by maximizing the received signal power at the destination.
Moreover, the destination is emerging from the cell-edge
travelling at a velocityv, where the moving direction is not
necessarily directly towards the BS. The direct link suffers
from severe path loss, blockage and high NLoS attenuation.
The RIS-assised reflected links are assumed to be able to create
a favourable propagation environment.

The block fading assumed in the existing solutions of Table I
are no longer valid in high-mobility situations. Consider a
system having 100 kHz of bandwidth centered atfc =2.6GHz
in the S-band [48], which is sufficient for high-mobility
Command & Control (C&C) link coverage [45]. If the user
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Fig. 2: Schematic illustration of the RIS assisted high-mobility
wireless communication system.

moves at 90 mph, the coherence time over which the time
correlation function is higher than 0.5 is estimated to cover
only 51 symbols, which significantly differs from the idealistic
assumption, namely that channel remains 100% constant over
an entire frame of signal transmission. In this treatise, we
stipulate the challenging time-varying assumption that the
coherence time is limited to a single symbol duration [56]–
[59], i.e. the Ricean fading components are different for
each symbol indexn, where the correlation function across
different symbols in the time-domain is determined by the
Doppler frequency based on the Clarke’s model [54], [55].
The three-dimensional (3D) coordinates seen in Fig. 2 are
used for instantaneously updating the path loss (PL) and the
deterministic LoS components in Ricean fading. The RIS-
reflected signals are time-delayed byα

m
n

2πfc
≤ 1

fc
, which is

negligible compared to the symbol period1
fs

whenfs << fc

is satisfied. Moreover, the time-varying Ricean fading channels
investigated in this paper are assumed to be flat, which is
reasonable for a C&C link offs =100 kHz over a coverage
distance on the order of hundreds of meters.

B. Source-Destination Link
The PL of the direct source-destination (SD) link in Fig. 2

is expressed as:

PL(dSD) = −10γSD log10
dSD

d0
− PL0 = 10 log10 ΓSD dB,

(1)
where γSD denotes the PL exponent of the SD
link, while PL0 is the path loss at the reference
distance of d0 = 1 m. The distance is evaluated by
dSD =

√

(xS − xD)2 + (yS − yD)2 + (zS − zD)2. The non-
logarithmic PL of the SD link is given byΓSD = 100.1PL.
The high-mobility small-scale Ricean fading is comprised of
both LoS and NLoS components: [44], [50]–[53]

hSD
n = hSD-LoS

n + hSD-NLoS
n =

√

ΓSD
n KSD

1+KSD exp(j2πn∆fSD-LoS
n ) + hSD-NLoS

n .
(2)

The time indexn ∈ N is positive integer. Both LoS and
NLoS components of (2) vary for each symbol indexn,
where the time-varying nature is determined by the Doppler
frequencies. More explicitly, the LoS component of (2) is

given byhSD-LoS
n =

√

ΓSD
n KSD

1+KSD exp(j2πn∆fSD-LoS
n ), where the

Ricean K-factor determines the power ratio between the LoS
and the NLoS components. The frequency offset of the LoS
path is induced by the movement of the destination:

∆fSD-LoS
n = fSD

d cos(φSD
0 ). (3)

The normalized maximum Doppler frequency of the SD link is
given byfSD

d = vfc

cfs
, wherev, fc, c, fS represent the destina-

tion’s velocity, the carrier frequency, the speed of light and the

symbol rate, respectively. The angle between the LOS and the
moving direction in (3) is evaluated byφSD

0 = arctan yS−yD

xS−xD
.

We note that both the path lossΓSD
n and the AoA φSD

0

from (1) to (3) are time-varying based on the coordinates
(xS , yS , zS) and (xD, yD, zD). Moreover, the NLoS compo-
nent in (2) is generated by Clarke’s model [54], [55] associated
with a power of ΓSD

n

1+KSD as hSD-NLoS
n ∼ CN (0,

ΓSD
n

1+KSD). The
correlation over time is given byE

[

hSD-NLoS
n′ (hSD-NLoS

n )∗
]

=√
ΓSD

n′
ΓSD

n

1+KSD J0(2πfSD
d |n−n′|), whereJ0(·) is the Bessel function

of the first kind.

C. Source-RIS Links

For the source-RIS (SR) links, the PL is evaluated in the
same way as in (1), whereγSD, dSD and ΓSD are replaced
by γSR, dSR andΓSR based on the coordinates(xS , yS , zS)
and(xR, yR, zR). TheM -element Ricean fading vector of the
SR links is given by: [44], [50]–[53]

hSR
n = hSR-LoS

n + hSR-NLoS
n . (4)

The M -element LoS pathshSR-LoS
n ∈ C

M×1 are formulated
as:

hSR-LoS
n =

√

ΓSRKSR

1+KSR exp(j2πn∆fSR-LoS
n )ar(θ

r, ϕr), (5)

where the azimuth and elevation AoAs are evaluated based
on the 3-D coordinates asθr = arccos zS−zR

dSR and ϕr =
arctan yS−yR

xS−xR
. For the UPA havingMy andMz elements on

the y andz axes, the array response vector is given by:

aUPA(θ, ϕ) = [1, · · · , exp
{

j 2π
λ

d [my sin θ cos ϕ + mz sin ϕ]
}

,
· · · , exp

{

j 2π
λ

d [(My − 1) sin θ cos ϕ + (Mz − 1) sin ϕ]
}

]T ,
(6)

where we have[1 ≤ my ≤ (My − 1)], [1 ≤ mz ≤ (Mz − 1)]
and M = MyMz, while λ = c

fc
and d = λ

2 denote
the wavelength and antenna spacing, respectively. The LoS
offet ∆fSR-LoS

n of (5) is evaluated in the same way as (3),
where the destination coordinate(xD, yD, zD) is replaced
by the RIS coordinate(xR, yR, zR). Moreover, each element
in the NLoS vector ofhSR-NLoS

n ∈ C
M×1 in (4) is in-

dependently generated by Clarke’s model ashSR-NLoSm
n =

[hSR-NLoS
n ]m ∼ CN (0, ΓSR

1+KSR), where the correlation is given

by E
[

hSR-NLoSm

n′ (hSR-NLoSm
n )∗

]

=

√
ΓSR

n′
ΓSR

n

1+KSR J0(2πfSR
d |n−n′|).

We note that the implementation of RIS with high-precision
discrete-phase is envisioned to have smaller size ofd < λ

2 [60],
which leads to spatial correction [61]. To elaborate, on one
hand, the smaller RIS elements suffer from coupling issues and
are more expensive to build. On the other hand, the relatively
large RIS elements leads to higher quantization errors. We opt
for assumingd = λ

2 in RIS modelling first, and then we will
demonstrate in Sec. IV that coarse RIS quantization does not
inflict significant impairments in the high-mobility scenarios
considered. Nonetheless, we note that the spatial correlation
imposed byd < λ

2 will not affect the channel estimation
method proposed in this treatise, which operates based on the
time-domain correlation of each RIS element, regardless of
their spatial-domain correlation.
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D. RIS-Destination Links

For the RIS-destination (RD) links, the PL of (1) is eval-
uated based on(xR, yR, zR) and (xD, yD, zD), whereγSD,
dSD and ΓSD in (1) are replaced byγRD, dRD and ΓRD.
The M -element small-scale Ricean fading row-vector of the
RD links is given by:

hRD
n = hRD-LoS

n + hRD-NLoS
n . (7)

The M -element LoS row-vectorhRD-LoS
n ∈ C

1×M is formu-
lated as:

hRD-LoS
n =

√

ΓRD
n KRD

1+KRD exp(j2πn∆fRD-LoS
n )at(θ

t, ϕt)H , (8)

where the UPA response vector is given by (6). The azimuth
and elevation AoDs are evaluated asθt = arccos zD−zR

dRD

and ϕt = arctan yD−yR

xD−xR
, respectively. The LoS frequency

offset of (8) is ∆fRD-LoS
n = fRD

d cos(φRD
0 ), where the an-

gle between the LOS and the moving direction is eval-
uated by φRD

0 = arctan yR−yD

xR−xD
. Moreover, each element

in the NLoS row-vector ofhRD-NLoS
n ∈ C

1×M is inde-
pendently generated by Clarke’s model ashRD-NLoSm

n =

[hRD-NLoS
n ]m ∼ CN (0,

ΓRD
n

1+KRD ), where the correlation is

E
[

hRD-NLoSm

n′ (hRD-NLoSm
n )∗

]

=

√
ΓRD

n′
ΓRD

n

1+KRD J0(2πfRD
d |n − n′|).

Since the RIS is implemented by a dense population of
repeated meta-atoms, where the size of meta-atom is typically
on the order of the subwavelength of the operating frequency
[6], the RIS elements are assumed to share the same maximum
Doppler frequency, which is the same as the assumption for the
co-located multiple antennas in high-mobility scenarios [44],
[59].

E. Received Signal Modelling

In the absence of active RF chains, the RIS does not impose
signal processing latency. As a result, the signals of both the
direct link and of the reflected links arrive at the destination
within the same symbol-level sampling period, as discussedin
Sec. II-A, yielding:

yn =
[

hSD
n + hRD

n diag(αn)hSR
n

]

sn + vn

=
[

hSD
n +

∑M
m=1 αm

n hSRDm
n

]

sn + vn,
(9)

where the cascaded RIS-reflected links are represented by
hSRDm

n = [hSRD
n ]m = [hSR

n ]m[hRD
n ]m and we havehSRD

n ∈
C

M×1. Moreover,vn ∼ CN (0, N0) is the receiver’s additive
white Gaussian noise (AWGN) associated with powerN0.

For the sake of channel estimation, let us arrange the
signal transmission in frames. Then-th symbol in (9) may
be regarded as thet-th symbol in theu-th frame expressed
asn = uNf + t, whereNf denotes the frame length. For the
sake of accurate channel estimation, the first(1+M) symbols
in each frame are pilots known to both the transmitter and
receiver, while the remaining[Nf − (1 + M)] symbols carry
source information. The pilot percentage is therefore given by
ηp = (M+1)

Nf
. This implies that a smallerNf leads to a smaller

pilot spacing and a higher pilot percentage, hence an improved
CSI estimation accuracy. However, it is worth noting that a
higher pilot percentage also results in an effective throughput
loss, which inevitably imposes an estimation accuracy versus

throughput tradeoff. In summary, the received signals of (9)
can be modelled in the following form:

yu,t =
[

hSD
u,t + (hSRD

u,t )T
αu,t

]

su,t + vu,t

= hu,tαu,tsu,t + vu,t = hRIS
u,tsu,t + vu,t,

(10)

for t = 1, · · · , Nf , where we haven = uNf + t, hu,t =
[

hSD
u,t, (h

SRD
u,t )T

]

∈ C
1×(M+1) and α

p
u,t = [1,αT

u,t]
T ∈

C
(M+1)×1. The pilot symbols and the data-bearing symbols

are associated witht = 1, · · · , 1+M andt = 2+M, · · · , Nf ,
respectively. The equivalent fading element in (10) is given
by hRIS

u,t =
[

hSD
u,t + (hSRD

u,t )T
αu,t

]

= hu,tαu,t. The objective
of the RIS phase configuration is to maximize the SNR of
(10), subject to the constant-envelope constraints of{|αm

u,t| =
1}M

m=1 [3], [62], which will be further elaborated on in the
next section.

F. Problem Formulation

Let us first consider the following Lemma 1 for maximizing
the ergodic capacity.

Lemma 1: For the RIS-assisted system model of (10),
we assume that the ergodic fading processes of{hSD

u,t}u,t∈N ,
{{hSRm

u,t }u,t∈N }M
m=1 and {{hRDm

u,t }u,t∈N }M
m=1 as well as the

ergodic noise process of{vu,t}u,t∈N are independent of each
other. Then the ergodic capacity that maximizes the mutual
information I(su,t; yu,t) between the random variables of
channel inputsu,t and outputyu,t is given by:

RI = max
αm

u,t

E

2

6

4
log2

0

B

@
1 +

˛

˛

˛h
SD
u,t +

PM

m=1 αm
u,th

SRDm
u,t

˛

˛

˛

2

N0

1

C

A

3

7

5
, (11a)

= E

8

>

>

>

<

>

>

>

:

log2

2

6

6

6

4

1 +

˛

˛hSD
u,t

˛

˛

2
„

1 +
PM

m=1|h
SRDm
u,t |

|hSD
u,t|

«2

N0

3

7

7

7

5

9

>

>

>

=

>

>

>

;

, (11b)

when the perfect CSIs ofhSD
u,t, hSRm

u,t andhRDm

u,t are known at
the receiver only.

Proof. See Appendix A.

Taking this one step further, since the overall fading pro-
cess hRIS

u,t is Gaussian-distributed for largeM , the mean
and variance of its Ricean-distributed amplitude|hRIS

u,t | as-
sociated with the optimized RIS configuration may be fur-
ther evaluated as follows.|hSRm

u,t | is Ricean distributed with

the mean of
√

πΓSR

2 L 1
2
(−KSR) and the variance ofΓSR −

πΓSR

4 L2
1
2

(−KSR), where L 1
2
(x) denotes the Laguerre poly-

nomial of degree1/2. Similarly, |hRDm

u,t | is also Ricean dis-

tributed with the mean of
√

πΓRD

2 L 1
2
(−KRD) and the vari-

ance ofΓRD − πΓRD

4 L2
1
2

(−KRD). As a result, the mean and

variance of |hSRDm

u,t | are π
4

√
ΓSRΓRDL 1

2
(−KSR)L 1

2
(−KRD)

and
[

ΓSRΓRD − π
4 ΓSRΓRDL2

1
2

(−KSR)L2
1
2

(−KRD)
]

, respec-
tively. Therefore, the amplitude of the overall fading process
associated with the optimized RIS configuration|hRIS

u,t | =
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|hSD
u,t| +

∑M
m=1

∣

∣

∣
hSRDm

u,t

∣

∣

∣
in (11b) has the following mean and

variance:

µ =
√

πΓSD

2 L 1
2
(−KSD) + Mπ

4

√
ΓSRΓRDL 1

2
(−KSR)L 1

2
(−KRD),

σ2 = ΓSD − πΓSD

4 L2
1
2

(−KSD)+

M
[

ΓSRΓRD − π
4 ΓSRΓRDL2

1
2

(−KSR)L2
1
2

(−KRD)
]

.

(12)
However, in the presence of realistic CSI estimation errors,

the ergodic capacity of Lemma 1 cannot be achieved. We
will conceive an MMSE estimation method in Sec. III, where
the direct link and the RIS-reflected links are estimated one
by one. The associated achievable rate is investigated by the
following Proposition 1.

Proposition 1: Assume that the direct linkhSD
u,t and the

RIS-reflected links{hSRDm

u,t }M
m=1 are separately estimated by

the MMSE method, yielding the estimated CSI ofĥSD
u,t and

{ĥSRDm

u,t }M
m=1, where the CSI estimation errors are denoted by

∆hSD
u,t = hSD

u,t − ĥSD
u,t and {∆hSRDm

u,t = hSRDm

u,t − ĥSRDm

u,t }M
m=1.

Given the same assumptions concerning the fading processes
and Gaussian input distribution as Lemma 1, the achievable
rate based on the estimated CSI is given by:

RII = (1 − ηp)E

2

6

4
log2

0

B

@
1 +

˛

˛

˛ĥ
SD
u,t +

PM

m=1 α̂m
u,tĥ

SRDm
u,t

˛

˛

˛

2

N0 + σ2
MSE

1

C

A

3

7

5
,

(13a)

= (1 − ηp)E

8

>

>

>

<

>

>

>

:

log2

2

6

6

6

4

1 +

˛

˛

˛ĥ
SD
u,t

˛

˛

˛

2
„

1 +
PM

m=1|ĥ
SRDm
u,t |

|ĥSD
u,t|

«2

N0 + σ2
MSE

3

7

7

7

5

9

>

>

>

=

>

>

>

;

,

(13b)

where the RIS can only be configured by the realistically

estimated CSI aŝαm
u,t =

ĥSD
u,t(ĥ

SRDm
u,t )∗

|ĥSD
u,tĥ

SRDm
u,t | , while the pilot per-

centageηp is also taken into acccount. The MSE is given by
σ2

MSE = E(‖hRIS
u,t − ĥRIS

u,t‖2), whereĥRIS
u,t refers to the MMSE

estimate ofhRIS
u,t = hSD

u,t +
∑M

m=1 αm
u,th

SRDm

u,t .

Proof. See Appendix B.

The ergodic capacity of Lemma 1 and the achievable rate of
Proposition 1 are derived based on the Gaussian input distri-
bution for the random variablesu,t. However, when a specific
LPSK/QAM constellation is considered, the achievable rate of
a discrete memoryless channel [58], [63]–[65] is characterized
by the following Lemma 2.

Lemma 2: When the Guassian input distribution of
Lemma 1 is replaced by a specificLPSK/QAM input con-
stellation with equiprobable occurrence, the achievable rate be-
comes (14), where we have BPS= log2 L and{p(sl) = 1

L
}L

l=1

for a fixedL.

Proof. (14a) is defined by [63, (3)] associated with{p(sl) =
1
L
}L

l=1, and it can be extended as:

RIII = E

»

log2
L p(y|sl)

P

L
l′=1

p(y|sl′ )
|sl

–

= BPS− 1
L

PL

l=1 E



log2

»

PL

l′=1
p(y|sl′ )

p(y|sl)
|sl

–ff

.

(16)

TABLE II: Summary of achievable rate analysis.
Achievable rates Input Side information Configuring RIS

RI (Lemma 1) Gaussian Perfect CSI Perfect CSI
RII (Proposition 1) Gaussian Estimated CSI Estimated CSI
RIII (Lemma 2) LPSK/QAM Perfect CSI Perfect CSI
RIV (Proposition 2) LPSK/QAM Estimated CSI Estimated CSI

Since the expectation is conditioned onsl, the condi-
tional probabilities based on (10) are given byp(y|sl) =

1
πN0

exp(− |yu,t−hRIS
u,ts

l|2
N0

) = 1
πN0

exp(− |vu,t|2
N0

) andp(y|sl′) =

1
πN0

exp(− |yu,t−hRIS
u,ts

l′ |2
N0

) = 1
πN0

exp(− |hRIS
u,t(s

l−sl′ )+vu,t|2
N0

),
where the received signal is given byyu,t = hRIS

u,ts
l + vu,t.

Following this, (14b) can be obtained from (16) by using these
conditional probabilities.

Finally, in the presence of CSI estimation errors, the achiev-
able rate of Lemma 2 becomes the following Proposition 2.

Proposition 2:When relying on the CSI estimatêhRIS
u,t , the

achievable rate of (14) becomes (15).

Proof. In the presence of CSI estimation errors,
the conditional probabilities of (15a) become

p(y|sl, ĥ) = 1
π(N0+σ2

MSE)
exp(− |yu,t−ĥRIS

u,ts
l|2

(N0+σ2
MSE)

) =

1
π(N0+σ2

MSE)
exp(− |∆hRIS

u,ts
l+vu,t|2

(N0+σ2
MSE)

) and

p(y|sl′ , ĥ) = 1
π(N0+σ2

MSE)
exp(− |yu,t−ĥRIS

u,ts
l′ |2

(N0+σ2
MSE)

) =

1
π(N0+σ2

MSE)
exp(− |hu,ts

l−ĥRIS
u,ts

l′+vu,t|2
(N0+σ2

MSE)
), leading to (15b).

Finally, the achievable rates of this section are summarized
in Table II, which will be invoked for examining the per-
formance of the proposed RIS channel estimation method in
Sec. IV-A.

III. C HANNEL ESTIMATION TECHNIQUES

The schematics of channel estimation techniques are com-
pared in Fig. 3. For the conventional direct-link-only tech-
niques [44], [48], [50]–[52] of Fig. 3(a), the receiver is as-
sumed to be capable of receiving and buffering a large number
of frames. Specifically, when performing CSI acquisition for
the u-th frame, the direct-link-only MMSE-based technique
of Fig. 3(a) takes into account all the⌊Nw/2⌋ pilots from
the “past” frames transmitted before theu-th frame, as well
as the single pilot of the currentu-th frame and also the
(Nw−⌊Nw/2⌋−1) pilots from the “future” frames transmitted
after theu-th frame. By contrast, the proposed RIS technique
of Fig. 3(c) has to provide instantaneous CSI estimation for
the sake of RIS phase configuration, hence only the pilots
from the past(Nw −1) frames and the currentu-th frame can
be utilized, where each frame has(M + 1) pilot symbols for
estimating the direct and RIS-reflected links. The ON/OFF and
DFT based LS technique of Fig. 3(b) operates based on the
assumption that the fading channels remain constant over the
entire frame of signal transmission, hence channel estimation
is performed purely based on the(M + 1) pilots transmitted
at the begining of the currentu-th frame. By contrast, the
proposed MMSE-based RIS technique of Fig. 3(c) performs
channel estimation based on both the pilots from the past
(Nw−1) frames as well as the pilots of the currentu-th frame.
Moreover, we note that for the RIS techniques of Fig. 3(b)
and Fig. 3(c), upon obtaining the estimated CSI of theu-th
frame, a short interval is required for RIS configuration before
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RIII =

L
X

l=1

Z

p(y|sl)p(sl) log2

p(y|sl)
PL

l′=1 p(y|sl′)p(sl′)
dy (14a)

= BPS−
1

L

L
X

l=1

E

(

log2

"

L
X

l′=1

exp

 

−|hRIS
u,t(s

l − sl′) + vu,t|
2 + |vu,t|

2

N0

!#)

, (14b)

RIV = E

"

log2

L p(y|sl, ĥ)
PL

l′=1 p(y|sl′ , ĥ)
|sl

#

(15a)

= (1 − ηp)BPS−
(1 − ηp)

L

L
X

l=1

E

(

log2

"

L
X

l′=1

exp

 

−|hRIS
u,ts

l − ĥRIS
u,ts

l′) + vu,t|
2 + |∆hRIS

u,ts
l + vu,t|

2

N0 + σ2
MSE

!#)

. (15b)

Pilot PilotPilotData Data Data

Estimation
MMSE

{ĥu,t}Nf

t=2

· · ·· · ·

Nw

· · ·

· · · yu−1,1 yu,1 · · ·yu+1,1

· · · · · ·yu−1,2yu−1,1 yu−1,Nf
yu,1 yu,2 yu,Nf

yu+1,1 yu+1,2 yu+1,Nf

(a) Conventional MMSE

DataPilot

Estimation
LS

{ĥu,t}Nf

t=M+1

{{α̂m
u,t}

Nf

t=M+1}M
m=1

...
yu,1

yu,M+1

· · · yu,Nf
yu,M+1 yu,M+2yu,1 · · ·

(b) LS for RIS configuration and data detection

PilotPilot Data Pilot Data

Estimation
MMSE

Data

{ĥu,t}Nf

t=2

{{α̂m
u,t}

Nf

t=2}M
m=1

· · ·· · ·yu−Nw+1,M+2· · · · · ·yu−Nw+1,1

yu−Nw+1,M+1

yu−Nw+1,Nf · · · · · ·· · · yu,Nf
yu,M+2

Nw

· · · yu−1,Nf
yu−1,1

yu−1,M+1

yu−1,M+2 yu,1 yu,M+1

· · ·yu−Nw+1,1...

yu−1,1...

yu,1...
yu,M+1yu−Nw+1,M+1 yu−1,M+1

(c) Proposed MMSE for RIS configuration and data detection
Fig. 3: The schematic differences between the conventional MMSE channel estimation for the direct-link-only systems [44], [48], [50]–
[52], the ON/OFF and DFT based LS channel estimation techniques for thestationary RIS-assisted systems [27]–[31] and the proposed
ON/OFF-based MMSE for the high-mobility RIS-assisted systems.

data transmission. This control information can be conveyed
by a separate link such as bluetooth, and the associated time
duration has negligible impact on the data rate compared to
the pilot overhead, as assumed in [27]–[31].

A. Channel Estimation Techniques for Stationary RIS-Assisted
Systems

The ON/OFF-based LS technique [27], [28] switches off the
RIS in the first time slot and then turns on a single element
at a time during the subsequentM time slots. The received
pilot symbols are given by:

yu,1 = hSD
u,1 + vu,1,

yu,1+m = hSD
u,1+m + hSRDm

u,1+m + vu,1+m, m = 1, · · · ,M.
(17)

This method assumes that the fading elements remain constant
over the entire frame of signal transmission. As a result, the

estimated CSI of the direct and of the reflected links are given
by:

ĥSD
u,t = yu,1,

ĥSRDm

u,t = yu,1+m − yu,1, t = M + 2, · · · , Nf .
(18)

It is worth noting that since the direct link is always on, it has
to be subtracted from the reflected link as shown above.

Alternatively, the DFT-based LS technique [29]–[31]
switches on all the direct links and reflected links during
training. Once again, the fading channels are assumed to be
constant, i.e. we havehu,t = hp

u for all t = 1, · · · , Nf in
(10). As a result, the matrix form of (10) is:

yp
u = hp

uα
p
u + vp

u, (19)

where we haveyp
u = [yu,1, · · · , yu,M+1] ∈ C

1×(M+1),
α

p
u = [αu,1, · · · ,αu,M+1] ∈ C

(M+1)×(M+1) and vp
u =

[vu,1, · · · , vu,M+1] ∈ C
1×(M+1). Following this, the LS chan-
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nel estimation is given bŷhp
u = yp

u(αp
u)−1. The associated

MSE is formulated as:

σ2
MSE = E

(

‖hp
u − yp

u(αp
u)−1‖2

)

= E
(

‖vp
u(αp

u)−1‖2
)

≥ N0tr
{

[

(αp
u)H

α
p
u

]−1
}

,

(20)
where the equality holds whenE

[

(vp
u)Hvp

u

]

= N0IM+1, and
the minimum is reached whenαp

u is orthogonal. As a result,
the DFT matrix is a suitable choice for the RIS training pattern,
where we have[αp

u]m,ι = exp(−j 2πmι
M+1 ).

B. The Channel Estimation Technique Proposed for High-
Mobility RIS-Assisted Systems

It is demonstrated in Sec. III-A that the DFT pattern that
switches on all RIS elements during training achieves lower
MSE in stationary scenarios. However, it is worth noting that
the received signals can only be formulated in the matrix
form of (19) that facilitates the DFT pattern, when the fading
envelope is assumed to be constant over(M + 1) symbol
periods. In order to take into account the time-varying fading
generated by Clark’s model, we opt for using the ON/OFF
channel estimation pattern, where the fading elements vary
from symbol to symbol.

First of all, in the first time slot of all frames, the RIS is
switched off and the pilot symbols are utilized for estimating
the direct SD link. As a result, by observing the fading
correlation function over time, the SD link of any of thet-
th (t = 1, · · · , Nf ) symbol in theu-th frame can be estimated
by the MMSE interpolation filter as:

ĥSD
u,t =

∑u
u=u−Nw+1 wSD

u,tyu,1 = (wSD
u,t)

T ySD
u , (21)

where the MMSE filter’s weights arewSD
u,t ∈ C

Nw×1, while
the filter input vector isySD

u ∈ C
Nw×1 and we have[ySD

u ]i =
yu−Nw+i,1 = hSD

u−Nw+i,1 + vu−Nw+i,1. We note that the
estimateĥSD

u,t is obtained from MMSE interpolation, where
the filter weightswSD

u,t are different for each symbol in each
frame. As a result, the associated MSE is given by:

σ2
MSE-SDu,t

= E(|hSD
u,t − ĥSD

u,t|2)
= E

[

(hSD
u,t − (wSD

u,t)
T ySD

u )(hSD
u,t − (wSD

u,t)
T ySD

u )∗
]

= ΓSD
u,t − 2(wSD

u,t)
T eSD

u,t + (wSD
u,t)

T CSD
u (wSD

u,t)
∗.

(22)
Based on the SD channel modelling of Sec. II-B, the correla-
tion on hSD

n is given by:

RSD
hh = E

[

hSD
n′ (hSD

n )∗
]

= E
[

(hSD-LoS
n′ + hSD-NLoS

n′ )(hSD-LoS
n + hSD-NLoS

n )∗
]

=

√
ΓSD

n′
ΓSD

n KSD

1+KSD exp
[

j2π(n′∆fSD-LoS
n′ − n∆fSD-LoS

n )
]

+

√
ΓSD

n′
ΓSD

n

1+KSD J0(2πfSD
d |n − n′|).

(23)
As a result, the covariance vector in (22) is given byeSD

u,t =
RSD

yh = E
[

ySD
u (hSD

u,t)
∗], where [eSD

u,t]i = RSD
hh is associated

with n′ = (u − Nw + i)Nf + 1 and n = uNf + t.
Furthermore, the auto-correlation matrix in (22) is given by
CSD

u = RSD
yy = E

[

ySD
u (ySD

u )H
]

, where [CSD
u ]i,j = RSD

hh for
i 6= j and[CSD

u ]i,i = RSD
hh +N0, whereRSD

hh is associated with

n′ = (u − Nw + i)Nf + 1 and n = (u − Nw + j)Nf + 1.

Finally,
∂σ2

MSE-SDu,t

∂(wSD
u,t)

T = 0 leads to the MMSE solution of:

(wSD
u,t)

∗ = (CSD
u )−1eSD

u,t. (24)

As a result, the MSE of (22) becomes:

σ2
MSE-SDu,t

= ΓSD
u,t − (eSD

u,t)
H(CSD

u )−1eSD
u,t. (25)

It was demonstrated in [66], [67] that the MSE lower
bound of pilot-sequence-based channel estimation is given
by the Cramer-Rao bound (CRB). More explicitly, the pilot-
sequence-based channel estimator utilizesNw repeated pilot
samples at the beginning of each frame and the fading channels
are assumed to be constant over the entire frame of signal
transmission. The MSE of this estimation problem is lower-
bounded byE(|h − ĥ|2) = 1/F (h), whereh refers to the
fading element, while the Fisher information function defined
in [66], [67] is given byF (h) = −E

{

∂2p(y|h)
∂h2

}

. The PDF

p(y|h) is the direct-link-only probability function based on
y = h + v, where v ∼ CN (0, N0). Therefore, the CRB
of the pilot-sequence-based channel estimation is given by
CRB = N0/Nw, which decreases as the SNR and/or the
pilot sequence length is increased. However, this bound cannot
be directly applied to time-varying fading channels, because
the estimated fading element and the pilot are not located at
the same position, as shown by (21). Nonetheless, the lower
bound of (25) may still be valid for the case of block fading,
in which case the covarianceeSD

u,t becomes a vector of ones
multiplied byΓSD

u = ΓSD
u,t, and the auto-correlation matrixCSD

u

has (ΓSD
u + N0) on its diagonal andΓSD

u as its off-diagonal
elements. As a result, the MSE of (25) is lower-bounded by
[52]:

σ2
MSE-SDu

≥ ΓSD
u − Nw(ΓSD

u )2

N0+NwΓSD
u

= 1
1

ΓSD
u

+ Nw
N0

. (26)

The minimum is achieved whenfSD
d = 0 for the stationary

scenario, where we haveRSD
hh = ΓSD

u . This once again confirms
that as either theSNR or Nw increases, the CSI estimate
becomes more accurate. Furthermore, during the second to
(1 + M)-th time slots of each frame, the RIS switches on
its passive elements one by one in order to sample the
reflected links. As a result, them-th cascaded SRD link
(m = 1, · · · ,M) of the t-th symbol (t = 2, · · · , Nf ) in the
u-th frame is estimated by:

ĥSRDm

u,t =
∑u

u=u−Nw+1 wSRDm

u,t yu,1+m = (wSRDm

u,t )T ySRDm
u ,

(27)
where the MMSE filter weights arewSRDm

u,t ∈ C
Nw×1, while

the MMSE filter input vector is given byySRDm
u ∈ C

Nw×1.
Since the direct SD link is always on, the previous estimate
of the SD link has to be substracted from the pilots as:

[ySRDm
u ]i = ŷu−Nw+i,1+m = yu−Nw+i,1+m − ĥSD

u−Nw+i,1+m

= hSRDm

u−Nw+i,1+m + ∆hSD
u−Nw+i,1+m + vu−Nw+i,1+m,

(28)
where the received pilot symbol isyu−Nw+i,1+m =
hSD

u−Nw+i,1+m + hSRDm

u−Nw+i,1+m + vu−Nw+i,1+m. Therefore,
the remaining estimation error is∆hSD

u−Nw+i,1+m =



DRAFT 9

hSD
u−Nw+i,1+m − ĥSD

u−Nw+i,1+m, and the associated MSE is
given by:

σ2
MSE-SRDm

u,t
= E(|hSRDm

u,t − ĥSRDm
u,t |2)

= E
ˆ

(hSRDm
u,t − (wSRDm

u,t )T ySRDm
u )(hSRDm

u,t − (wSRDm
u,t )T ySRDm

u )∗
˜

= ΓSR
u,tΓ

RD
u,t − 2(wSRDm

u,t )T e
SRDm
u,t + (wSRDm

u,t )T CSRDm
u (wSRDm

u,t )∗.
(29)

Based on the SR and RD channel modelling of
Secs. II-C and II-D, the correlation ofhSRDm

n = (hSR-LoS
n +

hSR-NLoS
n )(hRD-LoS

n + hRD-NLoS
n ) is given by:

RSRDn
hh = E

ˆ

hSRDm

n′ (hSRDm
n )∗

˜

= hSR-LoSm
n′ hRD-LoSm

n′ (hSR-LoSm
n hRD-LoSm

n )∗

+ hSR-LoSm
n′ (hSR-LoSm

n )∗
q

ΓRD
n′

ΓRD
n

1+KRD J0(2πfRD
d |n − n′|)

+ hRD-LoSm

n′ (hRD-LoSm
n )∗

q

ΓSR
n′

ΓSR
n

1+KSR J0(2πfSR
d |n − n′|)

+

q

ΓSR
n′

ΓSR
n

1+KSR

q

ΓRD
n′

ΓRD
n

1+KRD J0(2πfSR
d |n − n′|)J0(2πfRD

d |n − n′|).
(30)

As a result, the covariance vector is given byRSRDm

yh =

E
[

ySRDm
u (hSRDm

u,t )∗
]

= eSRDm

u,t , where [eSRDm

u,t ]i = RSRDm

hh

associated withn′ = (u−Nw+i)Nf +1+m andn = uNf +t.
Furthermore, the auto-correlation matrix is given byRSRDm

yy =

E
[

ySRDm
u (ySRDm

u )H
]

= CSRDm
u where [CSRDm

u ]i,j = RSRDm

hh

for i 6= j and[CSRDm
u ]i,i = RSRDm

hh +σ2
MSE-SDu−Nw+i,1+m

+N0,

whereRSRDm

hh is associated withn′ = (u−Nw +i)Nf +1+m

and n = (u − Nw + j)Nf + 1 + m. Finally,
∂σ2

MSE-SRDm
u,t

∂(wSRDm
u,t )T

= 0

leads to the MMSE solution of:

(wSRDm

u,t )∗ = (CSRDm
u )−1eSRDm

u,t . (31)

The resultant MSE is given by:

σ2
MSE-SRDm

u,t
= ΓSR

u,tΓ
RD
u,t − (eSRDm

u,t )H(CSRDm
u )−1eSRDm

u,t

≥ ΓSR
u ΓRD

u (N0+σ2
MSE-SDu

)

N0+σ2
MSE-SDu

+ΓSR
u ΓRD

u Nw
= 1

1

ΓSR
u ΓRD

u
+ Nw

N0+σ2
MSE-SDu

,

(32)
which is derived following the same steps as (26). The
minimum is achieved, when we havefSR

d = fRD
d = 0 for

the stationary scenario, where the autocorrelationRSRDn

hh =
ΓSR

u ΓRD
u = ΓSR

u,tΓ
RD
u,t is constant over(t = 1, · · · , Nf ).

Remark 1 (MSE in low-SNR and high-SNR regions):
On one hand, as long asN0 >> ΓSD

u Nw is valid in the
low-SNR region, the MSE of (26) becomes equivalent to
the constant ofΓSD

u , which does not improve with the SNR.
Similarly, the condition ofN0 + σ2

MSE-SDu
>> ΓSR

u ΓRD
u Nw in

the low-SNR region leads to the constant ofΓSR
u ΓRD

u for (32).
Therefore, the proposed MMSE solution cannot guarantee a
better MSE than that of the DFT-based channel estimation
of (20) in the low-SNR region. On the other hand, whenN0

is reduced to a value smaller thanΓSD
u Nw in the high-SNR

region, the increasedNw

N0
of (26) and Nw

N0+σ2
MSE-SDu

of (32) lead
to a monotonically decreasing MSE withN0. By contrast, both
the ON/OFF-based and DFT-based LS techniques designed for
the stationary RIS assisted systems of Sec. III-A suffer from an
error floor in high-mobility scenarios, which will be confirmed
by our simulation results of Sec. IV.

Remark 2 (Implementations for ON/OFF RIS configura-
tion): We note that in practice, the ON/OFF RIS configuration
used for channel estimation may be facilitated by the recent
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Fig. 4: BER performance results for the justification of the proposed
MMSE interpolation, where the effect of NLoS and the effect of the
time-varying fading even within coherence time are portrayed.

developments of simultaneous reflection and absorption aided
metasurfaces [68]. DOCOMO has recently announced the
successful trial of transparent metasurfaces, which are capable
of achieving the dynamic manipulation of both reflection and
penetration of radio waves [69]. Specifically, the positive-
intrinsic-negative (PIN) diodes can be switched between ”ON”
and ”OFF” states by controlling its biasing voltage [4]–[6].

IV. PERFORMANCERESULTS

A. Simulation Parameters

The key parameters used for the terrestrial vehicular sce-
nario of Fig. 1(a) are summarized in Table III, where the nor-
malized Doppler frequencies are given byfSD

d = fRD
d = vfc

cfs

and fSR
d = 0. The destination’s coordinate is instantaneously

updated byxD = 290 − vn
fs

from the initial coordinates of
Table III over a frame length ofNf = ⌊(M + 1)/ηp⌉. A
total number of at least103 frames are transmitted, which
guarantee at least 100 bit-errors for evaluating the BER
results in our simulations. The receiver noise power density is
assumed to be -174 dBm/Hz. The transmit powerPt in dBm
is evaluated by adding the required SNR to the noise power of
−174 + 50 = −124 dBm. The conslusions in this section are
all drawn based on the relative performance difference between
the conventional direct-link-only MMSE channel estimation
[44], [48], [50]–[52] as well as the ON/OFF and DFT based LS
channel estimation techniques conceived for stationary RIS-
assisted systems [27]–[31] and finally, the proposed ON/OFF-
based MMSE solution for high-mobility RIS-assisted systems.
Our simulation codes can be found at [70].

B. Justification of MMSE Interpolation

Fig. 4 demonstrates the justification of the proposed MMSE
interpolation for RIS channel estimation. On one hand, the RIS
assisted system models of [71]–[73] only take into account
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TABLE III: Summary of parameters.
Initial coordinates (xS , yS , zS) = (0, 0, 0), (xR, yR, zR) = (300, 10, 0), (xD, yD, zD) = (290,−10, 0)

Path loss factors γSD = 3.8, γSR = γSD = 2.0, PL0 = 30 dB
Ricean K-factors KSD = −6 dB, KSR = 0 dB, KSD = 0 dB
Normalized maximum Doppler fSD

d
= fRD

d
= vfc

cfs
, fSR

d
= 0

Carrier frequency 2.6GHz (S-band)
Bandwidth 100 kHz
Receiver noise power density -174 dBm/Hz
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Fig. 5: NMSE comparison between the ON/OFF and DFT based
LS channel estimation techniques for stationary RIS-assisted systems
[27]–[31] and the proposed ON/OFF-based MMSE solution for high-
mobility RIS-assisted systems, whereM = 16 is used.

the LoS paths, which result in irreducible error floor in the
presence of NLoS paths even at high values ofKSD =
KSRD = 10 dB, as demonstrated by Fig. 4(a). On the other
hand, the DFT and ON/OFF based methods of [27]–[31], [74]
assume block fading within the coherence time, which also
results in irreducible error floors, when realistic time-varying
fading is taken into account, as demonstrated by Fig. 4(b).
By contrast, the proposed MMSE interpolation used for RIS
channel estimation is capable of mitigating the error floors,
while achieving increased rates in high-mobility systems,
which will be further demonstrated in the following sections.

C. Normalized MSE on Channel Estimation

In Figs. 6 and 7, generally a higher pilot percentageηp

is used, when the number of RIS elementsM is increased.
This is due to the fact that the channel estimation patterns

require (1 + M) time slots for pilot transmission, which
takes up a higher percentage asM increases. Nonetheless,
the frame lengthNf is adjustable, where a longerNf leads to
a higher pilot separation across frames. This degrades the CSI
estimation accuracy, especially when the velocity is increased.
More explicitly, the number of MMSE filter tapsNw and
the pilot percentageηp are investigated in Fig. 5 in terms
of the NMSE ofσ2

NMSE = E(‖hu,t − ĥu,t‖2/‖hu,t‖2). More
explicitly, Figs. 5(a) and (b) demonstrate that as expected, the
NMSE generally decreases asNw increases. Moreover, it can
also be observed in Figs. 5(a) and (b) that for both cases of
v = 45 mph andv = 90 mph, the NMSE reduction achieved
by increasingNw beyond(Nw = 10) becomes substantially
smaller than that achieved by increasingNw from (Nw = 2) to
(Nw = 10). Therefore, the choice of(Nw = 10) is assumed in
the rest of this paper. Furthermore, Figs. 5(c) and (d) confirm
once again that the proposed MMSE solution has the most
accurate CSI estimate in terms of its NMSE, followed by
the conventional DFT-based LS and by the ON/OFF-based
LS techniques. Finally, we note that the MSE of RIS channel
estimation is lower bounded by the CRB for the idealistic
block fading scenarios of (26) and (32), which are also marked
in Figs. 5(c) and (d). More explicitly, compared to the ON/OFF
and DFT based LS techniques, the proposed ON/OFF-based
MMSE solution inches closer to the idealistic quasi-static
CRB in Fig. 5(c). As expected, the gap to the idealistic CRB
becomes larger at the higher vehicular speed ofv = 90 mph
in Fig. 5(d), owing to the reduced fading correlation.

D. Achievable Rates

The comparisons of the achievable rates associated with
Gaussian input distribution are portrayed in Fig. 6 according to
Lemma 1 and Proposition 1. First of all, Fig. 6(a) demonstrates
the effect of pilot percentageηp, where the achievable rate
degrades upon increasingηp. It is also evidenced by Fig. 6(a)
that the RIS assisted systems achieve higher rates than their
counterparts of only using the direct SD link. Secondly,
Fig. 6(b) demonstrates the effect of RIS configuration, where
random RIS configuration imposes a loss on both the perfect
CSI scenario of Lemma 1 and on the estimated CSI scenario
of Proposition 1. The performancce of using RIS random
phases in the face of CSI estimation error is shown to become
comparable to that of the case of only using the SD link in
Fig. 6(b). We note that for the case of using RIS random
phases, channel estimation is still required for data detection.
The same channel estimation technique associated with the
same pilot overhead is used in Fig. 6 for the sake of a
fair comparison. Thirdly, Fig. 6(c) demonstrates the effect of
M , where the achievable rate is improved by increasing the
number of RIS elements. Finally, Fig. 6(d) demonstrates that
the achievable rate also degrades as the speed of the destination
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Fig. 6: The achievable rate comparison (in terms of Lemma 1 and
Proposition 1 with Gaussian input) between the ON/OFF and DFT
based LS channel estimation techniques for stationary RIS-assisted
systems [27]–[31] and the proposed ON/OFF-based MMSE solution
for high-mobility RIS-assisted systems.

node increases, where the RIS assisted systems still outperform
their counterparts operating without RIS.

The comparisons of the achievable rates associated with
LPSK/QAM input constellations are portrayed in Fig. 7 ac-
cording to Lemma 2 and Proposition 2. Firstly, Fig. 7(a)
portrays the relationship between Lemma 1 and Lemma 2,
where the achievable rate of Lemma 2 saturates at the specific
value of BPS. Fig. 7(a) also confirms that the RIS assisted
systems perform better than the direct SD link operating
without RIS, which is further improved as the number of RIS
elements is increased fromM = 4 to M = 16. Secondly,
Fig. 7(b) demonstrates that when a realistic practical channel
estimation technique is considered, the achievable rate of
Proposition 2 peaks at(1−ηp)BPS, which then degrades asηp

increases. However, as the Doppler frequency increases due
to the increased vehicle speed, a higher pilot percentageηp
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Fig. 7: The achievable rate comparison (in terms of discrete memo-
ryless channel of Lemma 2 and Proposition 2) between the ON/OFF
and DFT based LS channel estimation techniques for stationary RIS-
assisted systems [27]–[31] and the proposed ON/OFF-based MMSE
solution for high-mobility RIS-assisted systems.

is neccessary for accurate channel estimation, which will be
investigated in the next section. Finally, Figs. 7(c) and 7(d)
demonstrate that the conventional ON/OFF and DFT based LS
techniques conceived for stationary scenarios perform better in
the low-SNR region, but they cannot achieve the full maximum
rate of (1 − ηp)BPS. This indicates that the ON/OFF and
DFT based LS techniques suffer from irreducible error floors
in high-mobility scenarios, which will be confirmed by the
system’s BER in Sec. IV-E.

E. BER performance

The capacity results of Figs. 6 and 7 are further confirmed
by the system’s BER performance of Fig. 8. First of all,
when perfect CSI is assumed, the RIS-assisted system is
capable of achieving substantial performance gains over its
direct-link-only counterpart, which are 13 dB at BER=10−4

for the case of using(M = 4) and 16QAM at(v = 45)
mph in Fig. 8(a); 18 dB at BER=10−4 for the case of using
(M = 16) and 16QAM at(v = 45) mph in Fig. 8(b); 17 dB
at BER=10−4 for the case of using(M = 16) and 16QAM
at (v = 90) mph in Fig. 8(c); and 17 dB at BER=10−4

for the case of using(M = 16) and 64QAM at(v = 45)
mph in Fig. 8(d). Secondly, as expected, channel estimation
becomes more challenging and subtantial performance gaps
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Fig. 8: BER performance comparison between the ON/OFF and DFT
based LS channel estimation techniques for stationary RIS-assisted
systems [27]–[31] and the proposed ON/OFF-based MMSE solution
for high-mobility RIS-assisted systems, where the benchmarks of
direct SD link without RIS are also portrayed.

are observed in Figs. 8(a)-(d) between the perfect CSI and
estimated CSI aided direct-link-only schemes. Furthermore,
as expected, the conventional ON/OFF and DFT based LS
channel estimation techniques suffer from irreducible error
floors in high-mobility scenarios, as evidenced by Fig. 8(a)-
(d). By contrast, the proposed MMSE solution designed for
the RIS-assisted arrangement is capable of achieving sig-
nificant performance improvements over its direct-link-only
counterpart even in high-mobility scenarios. More explicitly,
the substantial performance gains achieved by the proposed
MMSE scheme are represented by 14 dB at BER=10−4 in the
scenario of using(M = 4) and 16QAM at(v = 45) mph
in Fig. 8(a); 20 dB at BER=10−4 in the scenario of using
(M = 16) and 16QAM at(v = 45) mph in Fig. 8(b); 24 dB
at BER=10−4 in the scenario of using(M = 16) and 16QAM
at (v = 90) mph in Fig. 8(c); and 18 dB at BER=10−4 in the
scenario of using(M = 16) and 64QAM at(v = 45) mph in
Fig. 8(d).
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Fig. 9: BER performance of the proposed ON/OFF-based MMSE
solution for high-mobility RIS-assisted systems in comparison to its
counterpart of direct SD link without RIS, where QPSK is employed
at v = 40 mph. The pilot spacing is fixed to beNf = 35. The
normalized transmit power is given byPt −10 log10(1−ηp) (dBm).

F. The Number of RIS Elements and RIS Quantization

The effect ofM is investigated in Fig. 9. We note that the
frame lengthNf is also the pilot spacing. Without RIS, the
pilot percentage is given byηp = 1

Nf
. With RIS, the pilot

percentage becomesηp = M+1
Nf

, which increases withM as
seen in Fig. 9. As a result, after normalizing the transmit
power byPt − 10 log10(1 − ηp) (dBm), the performance of
using (M = 32) becomes even worse than using(M = 16)
in Fig. 9(b). Nonetheless, it is confirmed by Fig. 9(b) that
using a simple scheme having as few as(M = 16) RIS
elements is sufficient to attain a substantial 23.8 dB power-
efficiency gain at BER=10−4 for a vehicle travelling at 90
mph. The motivation of deploying RIS is to compensate the
path loss, where the difference of the power-efficiency gains
of 26.1 − 23.8 = 2.3 dB between Fig. 9(a) and Fig. 9(b)
due to the throughput loss of(ηp = 48.6%) for (M = 16)
is relatively insignificant. Finally, Fig. 9(c) demonstrates that
for discrete-phase RIS, 1-bit RIS quantization is sufficient for
achieving a substantial power-efficiency gain of 16.9 dB at
BER=10−4, while using 2-bit quantization achieves similar
performance to the case of idealistic continuous-phase RIS. In
summary, for the high-mobility scenarios considered in this
treatise, a small number of(M = 16) is sufficient for the RIS
to achieve substantial gain in power-efficiency, where the RIS
quantization does not impose significant impairment.

G. The Location of the Destination

Fig. 10 investigates the power-efficiency gain of using
RIS, when the user is travelling to different locations. More
explicitly, the transmit powersPt (dBm) for BER=10−4 at
different user location of(xD, yD, zD) = (xD,−10, 0) are
recorded on the top right subfigures of Figs. 10(a) and (b),
while the power-efficiency gains are recorded on the bottom
right subfigures. A reference maximum transmit power of
Pt = 40 (dBm) is indicated in Figs. 10(a) and (b), where
the situation of requiring more than 40 dBm is deemed to be
out of coverage.

It can be seen in Fig. 10(a) that for the case ofv = 45 mph,
the RIS achieves a higher power-efficiency gain, when the user
is closer to the RIS location of(xR, yR, zR) = (300, 10, 0).
On one hand, when the user moves closer to the BS location
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Fig. 10: The power-efficiency gain of using RIS(M = 16) in
terms of the required transmit powerPt (dBm) for achieving target
BER of 10−4, when the user is travelling to different locations
of (xD, yD, zD) = (xD,−10, 0). The pilot spacing is given by
Nf = 68 and Nf = 42 for v = 45 mph andv = 90 mph,
respectively. The transmit power is normalized by pilot percentage as
Pt − 10 log10(1 − ηp) (dBm). QPSK is used. The proposed MMSE
solution is invoked for channel estimation.

of (xS , yS , zS) = (0, 0, 0), the direct SD link becomes
strong enough so that harnessing the RIS gradually loses its
advantage. On the other hand, when the user moves away
from the BS beyond(xD = 300) m, the case of using only
the direct SD link becomes out of coverage. However, by
using RIS associated with(M = 16) elements, the proposed
MMSE solution is capable of reducing the requiredPt below
the coverage limit for a wider range of user locations up to
(xD = 470) m.

Compared to Fig. 10(a), the RIS is shown to be even more
critical for the increasedv = 90 mph in Fig. 10(b). More
explicitly, due to the increased mobility, the user using only
direct SD link become out of coverage forxD > 190 m,
but the RIS is capable of assisting in extending the coverage
to a wider range of up to(xD = 430) m, as evidenced by
Fig. 10(b).

Once again, we note that the error floors observed in Fig. 8
imply that the conventional RIS channel estimation techniques
conceived for block fading [27]–[31] cannot achieve the target
BER in time-varying fading channels, regardless of how high
Pt is.

H. The Path Loss Exponent
In the previous sections, the PL exponentγSD is set to

be higher than those of the reflected links, as summarized
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Fig. 11: The power-efficiency gain of using RIS(M = 16) in terms
of the required transmit powerPt (dBm) for achieving target BER
of 10−4, for a range of different PL exponent of the SD linkγSD.
The coordinates are fixed as given in Table III. The pilot spacing
is given byNf = 68 and Nf = 42 for v = 45 mph andv = 90
mph, respectively. QPSK is used. The transmit power is normalized
by pilot percentage asPt − 10 log10(1 − ηp) (dBm).

in Table III, where the direct SD link assumes severe path
loss, blockage and high NLoS attenuation. Fig. 11 further
investigates the performance of the RIS assisted high-mobility
systems for a range of differentγSD. For the case ofv =
45 mph, Fig. 11(a) demonstrates that the proposed MMSE
solution for RIS is capable of achieving substantial power-
efficiency improvements that grow withγSD for a wide range
of γSD > 2.2, especially when the case of only using the
direct SD link exceeds the reference coverage atγSD > 3.8.
Compared to Fig. 11(a), the power-efficiengy gains seen in
Fig. 11(b) become smaller due to the increasedv = 90
mph. However, Fig. 11(b) once again demonstrates that the
deployment of RIS becomes more critical at the high mobility
of v = 90 mph, where the direct SD link becomes out of
coverage atγSD > 3.6, but the RIS is shown to be capable
of assisting in extending the coverage over a wide range of
2.4 < γSD ≤ 4.4.

V. CONCLUSIONS

In this work, we propose a novel channel estimation tech-
nique for RIS-assisted high-mobility communication systems,
which is capable of producing accurate CSI estimates for
the sake of both RIS configuration and data detection. The
analytical and numerical results confirm the advantage of the
proposed technique. Our simulation results demonstrate that
the proposed MMSE solution designed for RIS assisted high-
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mobility systems is capable of achieving substantial power-
efficiency gains for a wide range of different parameters
including user moving speed, modulation level, the number
of RIS elements, the user location and the path loss exponent.

APPENDIX A
PROOF OFLEMMA 1

Firstly, owing to the fact thathSRm

u,t ∈ CN (
√

ΓSRKSR

1+KSR , ΓSR

1+KSR)

and hRDm

u,t ∈ CN (
√

ΓRDKRD

1+KRD , ΓRD

1+KRD ) are independent er-

godic complex Gaussian processes, their producthSRDm

u,t =

hSRm

u,t hRDm

u,t is non-Gaussian but still ergodic [75, p42] with

the mean of
√

ΓSRΓRDKSRKRD

(1+KSR)(1+KRD)
and the variance ofΓSRΓRD −

ΓSRΓRDKSRKRD

(1+KSR)(1+KRD)
. Secondly, for any RIS configuration, the uni-

tary matrix diag(αu,t) of (9) does not change the distribution
of hRD

u,tdiag(αu,t)h
SR
u,t =

∑M
m=1 αm

u,th
SRDm

u,t . Therefore, the
overall fading processhRIS

u,t = hSD
u,t +

∑M
m=1 αm

u,th
SRDm

u,t is also
ergodic, along with the following mean and variance:

µ =
q

ΓSDKSD

1+KSD + M
q

ΓSRΓRDKSRKRD

(1+KSR)(1+KRD)

σ2 = ΓSD

1+KSD + M
h

ΓSRΓRD − ΓSRΓRDKSRKRD

(1+KSR)(1+KRD)

i

.
(33)

Based on the central limit theorem, the overall fading process
hRIS

u,t becomesGaussianas M becomes large, hence (11)
becomes the ergodic capacity of a Ricean fading channel,
where the input distribution ofsu,t is Gaussian. Furthermore,
based on (10), the received SNR is a function of{αm

u,t}M
m=1,

yielding:

|hSD
u,t+

PM
m=1

αm
u,th

SRDm
u,t |2

N0
=

|hSD
u,t|2|PM

m=0
βm

u,t exp(jΩm
u,t)|2

N0
,
(34)

where we haveβ0
u,t = 1, {βm

u,t = |hSRDm

u,t |/|hSD
u,t|}M

m=1,
Ω0

u,t = 0 and {Ωm
u,t = ∠αm

u,t + ∠hSRDm

u,t − ∠hSD
u,t}M

m=1.

Considering that
∣

∣

∣
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∣

∣

∣
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2
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m′

u,t cos(Ωm
u,t − Ωm′

u,t), (34) is maxi-
mized when{Ωm

u,t = Ω0
u,t}∀m, the optimum RIS configuration

is thus given by∠αm
u,t = ∠hSD

u,t − ∠hSRDm

u,t , or equivalently

αm
u,t =

hSD
u,t(h

SRDm
u,t )

∗

|hSD
u,th

SRDm
u,t | . The overall fading process with op-

timized RIS is given byhRIS
u,t = hSD

u,t

(

1 +
PM

m=1|hSRDm
u,t |

|hSD
u,t|

)

,

which leads to (11b).

APPENDIX B
PROOF OFPROPOSITION1

Firstly, sinceĥSD
u,t is an MMSE estimate ofhSD

u,t, the CSI
estimation error∆hSD

u,t is Gaussian-distributed with zero mean
and is independent of̂hSD

u,t [76], i.e. we haveE(hSD
u,t|ĥSD

u,t) =

ĥSD
u,t and E(|∆hSD

u,t|2|ĥSD
u,t) = E(|∆hSD

u,t|2). Similarly, for
the MMSE estimates of the RIS-reflected links, we have
E(hSRDm

u,t |ĥSRDm

u,t ) = ĥSRDm

u,t and E(|∆hSRDm

u,t |2|ĥSRDm

u,t ) =

E(|∆hSRDm

u,t |2). Moreover, the RIS now configured bŷαm
u,t =

ĥSD
u,t(ĥ

SRDm
u,t )∗

|ĥSD
u,tĥ

SRDm
u,t | . Therefore, the overall fading process is given by

hRIS
u,t = hSD

u,t+
∑M

m=1 α̂m
u,th

SRDm

u,t and the CSI estimation error is
given by∆hRIS

u,t = hRIS
u,t − ĥRIS

u,t = ∆hSD
u,t+

∑M
m=1 α̂m

u,t∆hSRDm

u,t .

Since the RIS phaseŝαm
u,t do not change the distributions

of ∆hSRDm

u,t (see proof for Lemma 1), the sum of Gaus-
sian distributed CSI errors leads to the Gaussian distribu-
tion for ∆hRIS

u,t , where we haveE(hRIS
u,t |ĥRIS

u,t ) = ĥRIS
u,t and

E(|∆hRIS
u,t |2|ĥRIS

u,t ) = E(|∆hRIS
u,t |2). Therefore, Corollary 3.0.2

of [76] can be invoked for the RIS-assisted system model of
(10). Explicitly, it was proved in [76] that the achievable rate
in terms of the generalized mutual information of using the
Gaussian input distribution for the random variablesu,t and
detection based on the MMSE CSI ofĥRIS

u,t for the fading pro-

cess ofhRIS
u,t is given byE

{

log2

[
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u,t−ĥRIS
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leading to (13a). Furthermore, (13b) is given by replacingα̂m
u,t

of (13b) by α̂m
u,t =

ĥSD
u,t(ĥ
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u,t )∗

|ĥSD
u,tĥ
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