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Abstract—Reconfigurable Smart Surface (RSS) is assumed to
be a key enabler for future wireless communication systems due
to its ability to control the wireless propagation environment
and, thus, enhance communications quality. Although optimal
and continuous phase-shift configuration can be analytically
obtained, practical RSS systems are prone to both channel
estimation errors, discrete control, and curse of dimensionality.
This leads to relaying on a finite number of phase-shift configu-
rations that is expected to degrade the system’s performances. In
this paper, we tackle the problem of quantized RSS phase-shift
configuration, aiming to maximize the data rate of an orthogonal
frequency division multiplexing (OFDM) point-to-point RSS-
assisted communication. Due to the complexity of optimally
solving the formulated problem, we propose here a sub-optimal
greedy algorithm to solve it. Simulation results illustrate the
performance superiority of the proposed algorithm compared to
baseline approaches. Finally, the impact of several parameters,
e.g, quantization resolution and RSS placement, is investigated.

I. INTRODUCTION

Reconfigurable smart surfaces (RSS) arise as a green and
sustainable technology for beyond fifth generation (B5G)
wireless networks, owing to their potential to enable cost-
effective massive connectivity [1], [2]. An RSS is composed
of many passive reflecting elements (REs) forming a planar
surface that interacts in a controllable manner with electro-
magnetic waves. The RSS controls the wireless propagation
environment by smartly adjusting the amplitude and phase
of each RE through the controller. The contribution of all
REsleads to a beamforming-like behaviour, where incident
radio signals are “reflected” to enhance the signal power at
the receiver. Due to the nearly passive nature of RSS and
the absence of radio frequency chains, RSS are more energy-
efficient and cost-effective than conventional relays.

Inspired by the potentials of RSS, several works investi-
gated the phase shift design for RSS-assisted communications.
For instance, authors of [3] jointly optimized the transmit
beamforming of a multi-antenna transmitter and the RSS con-
figuration, aiming to maximize the achievable data rate at one
receiver. Results indicated the RSS-assisted communication
achieved a comparable performance to conventional relay-
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assisted systems. Yang et al. proposed in [4]] an RSS-asssited
communication, where transmissions follow the orthogonal
frequency division multiplexing (OFDM) protocol. Channel
correlation of OFDM transmissions has been leveraged to
reduce estimation overhead. Then, transmit power and RSS
configuration have been optimized for data rate maximization,
similarly to [3]. Given a similar system model, authors of [3]
designed an RSS phase-shift pattern that minimizes channel
estimation errors. Subsequently, RSS phase shifts have been
optimized by relying on the strongest tap of the channel gain.

Nevertheless, the aforementioned works considered either
perfect channel state information (CSI) [3], or continuous
phase shifts for RSS configuration [4], [5]. Indeed, channel
estimation is a major challenge and perfect CSI is practically
difficult to realize. Also, continuous phase shifting requires
RSS with infinite resolution shifters, which is still infeasible.
Since RSSs have typically many REs, it is impractical to
consider high resolution quantized phase shifters. Recently,
a few studies investigated RSS-assisted communications with
quantized phase shifting. In [6], the impact of a limited
number of phase shifts on the data rate is investigated, while
authors of [7]] proposed an algorithm to optimize the quantized
RSS configuration to achieve a maximized data rate.

Motivated by the aforementioned limitations, we tackle
in this paper the problem of maximizing the data rate of
an RSS-assisted communication that leverages the OFDM
transmission protocol, and under quantized phase shifts and
channel estimation errors consideration. First, we rely on
pilot signals with given predefined RSS configurations, to
estimate the overall transmitter-RSS-receiver channel using
least-square error (LSE) channel estimator. Then, we opti-
mize the quantized phase shifting-based RSS configuration.
Specifically, we propose a low-complex greedy approach that
maximizes the data rate at the receiver. Through simula-
tions, we demonstrate that our algorithm outperforms existing
benchmarks. Moreover, we evaluate the impact of several
factors on the data rate. These factors include the type of
communication channels (line-of-sight (LoS) or non-LoS),
quantization resolution, and RSS placement.

The remaining of the paper is organized as follows. The
system model is presented in Section Section formu-
lates the problem and discusses conventional solutions. The



proposed approach is detailed in Section [[V] Section [V] shows
the simulation results, and finally Section |VI|closes the paper.

II. SYSTEM MODEL

A. Transmission Model

We consider the downlink of a wireless system, composed
of an access point (s) transmitting to a user equipment
(d), directly or through wall-mounted RSS (r). We assume
OFDM transmissions and pilot based channel estimation
where signals are reflected with a predefined set of RSS
configurations. The RSS has N REs connected to a controller
that dynamically adjusts phase shifting by changing REs’
states. Indeed, each RE can be set to one of the available
L = 2° states, where state s; = (b;,0;) is characterized by
an amplitude loss b; € [0,1] and a phase shift 6; € [0, 27),
Vi=1,...,L, and b is the number of states quantization bits.

For simplicity’s sake, we assume static wireless channels
s—r, r—d, and s — d during one transmission, but variable
among different transmissions. Based on the OFDM protocol,
we assume that K sub-carriers are used to transmit with equal
powers P/K and equal bandwidths B/K, where P is the
transmit power of s, and B is the available bandwidth.

At s, each OFDM symbol X = |[z1,...,2k], where
E(z?) = P/K, is transformed using the K-point inverse
discrete Fourier transform (IDFT). Then, a guard interval of
length L, is inserted. We assume that L, > G, where G is
the number of taps of the baseband finite impulse response
(FIR) filter representing the channel. At d, the guard interval is
removed and a K-point DFT is performed. Then, the baseband
received signal is ]\thained in the frequency domain as [3]]

z:X(Zanwn@Bn+ﬁsd)+ﬁe<CK“, M
where X = dia£(§é) € CKxK 3, € CK*1 {5 the channel
frequency response (CFR) of the link between the transmitter
and the RSS at the n'® RE, b,, € CK*1 is the CFR of
t~he link between the RSS and the receiver for the nt" RE,
h,y is the CFR of the direct link, w,, = Bne/" is the
reflection coefficient of the nt" RE, and 1 is the additive white
Gaussian noise (AWGN) vector whose entries are distributed
as CN(0, 0?). Finally, ® denotes the Hadamard product.
Then, the s]\ljlmmation term in @) is rewritten as [ eq. (24)]
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where V &N %G s the cascaded channel in the time domain,
w=|wi, ..., wn|T, and F is the K x G DFT matrix having
(v, k)" element as e~72¥/K  Finally, (-)7 is the transpose
operator. Subsequently, (I) can be given as
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where hg,.4 is the CFR of overa 1 s—r—d channel, hgg is the
CFR of channel s — d and h stands for their summation. For
the remaining, we assume an obstructed direct link (hgg = 0).

B. Channel Estimation

Several approaches have been proposed to estimate the
channel of RSS-assisted communications. For instance, it is
estimated in [7]] using training with the designed reflection
patterns, while authors of [5] proposed a DFT reflection

pattern design that builds an orthogonal matrix with each
entry under the unit-modulus constraint. Also, authors of
[9] proposed pilot signals estimation, where different RSS
configurations are set up for the pilot signals transmission.
Similarly to [8], we assume here that channel estimation
is based on the transmission of N pilot signals, each with
a different RSS configuration we,, Vi = 1,..., N. First,
we define the minimal number of pilot sub-carriers as 1" =
[TNA/A?] — 1, where A is the area of each RE, ) is the
wavelength, and [-] is the ceiling function [9]. The joint
received signal can be written as
- Z=XFVT'Q+N e Ccf*V,
where Z = [Z1, ..., Zn], Z; is defined as in H Q =
[Woys .-+ Won] € CVN N =iy, ..., dy] € CV*N, and
n; is defined as n, Vi = 1,..., N. For the sake of simplicity,
we adopt the LSE channel estimation for the RSS-assisted
link as in [8]]. Hence, the estimated s — r — d channel is
vi=rFr'X"'ZzQ" 5)
C. Achievable Data Rate
Assuming that the channel is estimated as in @), then, the
achievable data rate for imperfect CSI (iCSI) is calgulated as
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where ka is the k' row of the DFT matrix F. Eq. @)

expresses the data rate as a summation over K sub-carriers,

divided by K 4+ G — 1 to make up for the guard interval loss.
III. PROBLEM FORMULATION

In this paper, we aim to maximize the receiver’s data

rate for the RSS-assisted communication, under the quantized

phase shifting constraint. For the sake of simplicity, we

consider lossless reflectors, ie., 3, = 1, Vn = 1,...,N.
We formulate the problem as follows:

max R (P1)

st. O, €{,...0L},Vn=1,...,N, (Pl.a)

where 6; € [0,27) is the [** quantized phase-shift level,
Vi = 1,...,L, and §; < 2 < ... < Ir. This problem
is equivalent to maximize the energy over all OFDM sub-
carriers at the receiver. The latter has been proven non-convex,
and hence a tractable global solution cannot be obtained [8]].
Nevertheless, several heuristic solutions have been proposed
in the literature. For instance, authors of [8] introduced the
strongest tap maximization (STM) algorithm, which seeks
the RSS configuration that improves the signal quality over
one channel tap. Then, it selects the RSS configuration
that provided the highest amplitude received signal. It has
been shown that this type of approaches is useful when the
communication channel is dominated by a LoS component,
which is stronger than all other taps. Alternatively, authors
of [5] proposed a method that maximizes the sum of channel
power gain (SCPGM). It relies on the strongest channel tap.

Both STM and SCPGM perform near optimality when
channels are dominated by one tap, as in the case of LoS.
However, these methods are strongly handicapped for non-
LoS receivers. In addition, STM and SCGPM solutions were
intitially developed for a continuous phase shift range, but



can be mapped —with some performance degradation— to
quantized phase shifts. STM and SCPGM will be used later (in
Section V) as benchmarks for comparison with our proposed
solution. The latter is detailed in the next section.

IV. PROPOSED SOLUTION

Our goal is to propose a greedy approach for RSS config-
uration that maximizes R'“S!, under the quantized phase shift
constraint. Given an initial RSS configuration, the key idea
lies in iteratively evaluating the effect of changing the phase
shift of one RE at a time, by calculating the associated data
rate, using (6), at each iteration. If performance is improved,
then the REs’ phase shifts are updated with new ones.

Specifically, let wf be the initial RSS configuration vec-
tor in iteration ¢. Initialization can be random or based
on existing solutions such as STM or SCPGM. We denote
also by Wi = {w} ., ... ,wi_u} the set of possible RSS
configurations when changing the phase shift value of the
r*" RE, while keeping the remaining REs unchanged, with
wf, is the I'"" RSS configuration in W}, corresponding
to the change of RE r phase shift to the I** quantized
value, Vr = 1,...,N, [ —1,...,L — 1. For each Wf;, we
evaluate the corresponding data rates using (6), and store
them as R. = {R{,,...,R}_;,}. Then, we create set
R" = {maxR. | maxR. > R}, r = 1,..., N}, where

¢ is the performance of the initial configuration wg, and we
define the corresponding configurations’ set WW".

Assuming that R’ is ordered from the highest to the lowest
value, then, given parameter « € (0, 1], we look into the REs
phase shift values in only the first aW; RSS configurations,
where W is the size of the set W?, and create w,"' from
w{ by setting the REs’ phase shifts to the changed ones
from the aWW; first configurations of W¢. The previous steps
are repeated until RT = @, where I is the last iteration,
which corresponds to the algorithm stop. The operation of
our approach is described in Algo. [I]

Algorithm 1 Proposed Algorithm

1: Initialize RSS configuration w, data rate RJ, and R® = {R§}
2: Seti=1and o € (0,1]

3: while R""' # (0 do

4: Build W, and R;.,Vr=1,...,N

5:
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Create R and order it from highest to lowest value

Identify the REs’ phase shift changed values (with respect
to wf{l) in the first al¥; RSS configurations of WW* and inject
them into w{ ' to create w()

Update ¢ =i+ 1
: end while

9: Return w{™*

% 3

To further enhance the performance of our method, we
propose to parallelize several replicas of our algorithm, but
with different initializations, e.g., random, STM, and SCPGM.
Then, the replica that presents the best performance is se-
lected. we call this approach Algo. 2.

V. SIMULATION RESULTS

To evaluate the performance of the proposed algorithm,

an OFDM transmission with a bandwidth B = 10 MHz is

simulated. We assume that K = 500 OFDM sub-carriers and
G = 20 taps for each channel. Channels follow the Rician
fading model, where LoS links are assumed having K-factor
k = 10 dB, while non-LoS (NLoS) links have x = —10
dB [10]. Unless stated otherwise, we assume the distances
between s — r and r — d are fixed to dy,,, = 100 m and
d-q = 15 m, respectively, and are prone to path loss effect
with exponents 8 = 2 and 8 = 2.75, respectively. Moreover,
noise variance 02 = —165.14 dBm/Hz and the number of REs
of the RSS is fixed to N = 4096. Without loss of generality,
we assume that the s — r link is always in LoS, while the
r — d link can be either LoS or NLoS. Finally, given L

uantization levels, we assign phase shift values from the set

0, 2%’ 4{ e 2”(]31)({} The following results are depicted
as functions of averaged signal-to-noise ratio (SNR), given by

P —Bsr J=Bra
sNR = Do dra ®)

o2
where [, and (3,4 are the patﬁ(llgss exponents.

Fig.[I] presents the achievable data rate as a function of SNR
given LoS and NLoS r —d links respectively, and with L = 2.
It compares between Algo. 1 initialized with STM solution
(called STM IC), Algo. 1 initialized with SCPGM solution
(denoted SCPGM IC), proposed Algo. ZEL and a benchmark
OSCPS (Optimal Solution using Continuous Phase Shift,
proposed in [8, eq. (57)]). First, for any channel condition,
the data rate improves proportionally to SNR. Also, Algo. 2
outperforms STM IC and slightly SCGPM IC, but is under-
performing compared to OSCPS. Indeed, due to the multiple
parallel initializations, Algo. 2 is capable of exploring other
RSS configuration solutions that enhance the performance.
However, due to quantization errors, its gap with OSCPS is
still significant, around 20 Mbps (i.e., 2 bps/Hz). Finally, the
system with LoS r — d link achieves up to 200% data rate
performance of the system having a NLoS r — d link.

Similar results are depicted in Fig. 2] for L = 4. Here, we
notice that Algo. 2 is superior to both STM IC and SCPGM
IC, with a larger performance gap than in the previous figure.
Indeed, with a higher L, Algo. 2 explores a larger size solution
space than for L = 2, which allows to obtain better results.
Finally, we notice that having L = 4 improves the data rate
for Algo. 2 compared to the case of L = 2.

In Fig. E], we extend the comparison to L = 8, LoS, and to
continuous STM/SCPGM benchmarks where phase shifts are
not quantized. Algo. 2 outperforms continuous STM and is
similar to continuous SCGPM. Also, STM IC and SCPGM IC
present close performances to their continuous benchmarks.
This proves the efficiency of our algorithm in achieving high
performance despite the quantization information loss.

In Fig. @] the impact of different quantization levels is
evaluated for Algo. 2 and OSCPS benchmark. As it can be
seen, increasing L improves the data rate for any r —d channel
condition. However, the gain gap between L =4 and L = 8
is very small compared to the one between L = 2 and L = 4.

The simulation results can be reproduced using code available in [LT].
In the remaining, o« = 1 for Algo. 1. This is motivated by the faster
convergence and better results compared to cases with smaller .
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Thus, we identify a trade-off between the system’s complexity,
due to the number of phase shift quantization levels, and the
data rate performance. Practically, one would carefully select
the number of quantization levels to avoid complexifying the
system for an insignificant performance gain.

Fig. 3] presents the achievable data rate as a function of
the distance d,q (L = 2 and SNR= 30 dB). Assuming that
dsr + drq = 115 m, we move the RSS either closer or further
from the transmitter. As it can be seen, placing the RSS near
the transmitter or the receiver in LoS conditions is equally
preferable. In contrast, when the r—d link is in NLoS, placing
the RSS closer to the transmitter s is recommended.

Fig. [] illustrates the data rate as a function of the number
of REs N, for L = 2 and SNR= 30 dB. As N increases,
the data rate improves for all algorithms. However, such an
improvement comes at the expense of a longer processing
time of the RSS configuration algorithms.

VI. CONCLUSION

In this paper, we proposed a novel greedy configuration al-
gorithm for RSS-assisted communication systems. We proved
that proposed Algo. 2 outperforms benchmarks. Also, the
impact of several parameters was explored, which provided
novel guidelines: 1) practical RSS phase shift quantization
requires a low number of states, e.g., four quantization states
achieve acceptable data rates, and eight states achieve almost
the same performance as the continuous SCPGM, 2) it is
recommended to place the RSS either closer to transmitter
or receiver in LoS conditions, but only closer to transmitter
for NLoS link towards the receiver or vice-versa, and 3) it
is preferable to deploy RSS with the highest number of REs.
As a future work, the selection of quantization phase shift

Fig. 5. Achievable data rate vs ds.

Number of REs N/

Fig. 6. Achievable data rate vs nbr. of REs N.

values will be optimized to enhance the communication’s
performance in different propagation environment conditions.
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