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Abstract—In this paper, we study a novel reconfigurable in-
telligent surface (RIS) enabled symbiotic radio system, where a
RIS is used to enhance the communication between the primary
transmitter (PTx) and the primary receiver (PRx), and concur-
rently transmit its information (e.g., environmental monitoring
information) to the PRx by varying the phase shifts. The objective
is to cooperatively optimize the active transmit beamforming at
the PTx and passive reflecting beamforming at the RIS to mini-
mize the PTx’s transmit power, subject to the signal-to-noise ratio
constraints of primary and RIS transmissions. A new optimization
problem is formulated where the RIS phase shifts are not only
related to the channel state information (CSI), but also related
to its message. First, we consider the perfect CSI setup to draw
useful insights into the cooperative beamforming design between
the PTx and RIS. Then, the worst-case robust beamforming design
is carried out under the imperfect CSI setup. In particular, we take
into account the imperfect successive interference cancellation at
the PRx. Finally, simulation results show the effectiveness of the RIS
information transfer and the integration of RIS into a symbiotic
radio system can significantly improve the performance.

Index Terms—Cooperative beamforming, power minimization,
reconfigurable intelligent surface, symbiotic radio.

1. INTRODUCTION

NTERNET-of-Things (IoT) has been envisioned as one of
the key technologies for future wireless communications,
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which covers a wide range of applications, ranging from smart
transportation, smart home, smart grid, to smart agriculture,
etc [2]. For the wide deployment of IoT devices, two critical
challenges, i.e., the spectrum scarcity and energy supply issues,
need to be solved. This is because spectrum resources left for
IoT applications are limited since most of them have already
been allocated to various radio systems. Moreover, it is of high
cost to charge devices or replace batteries regularly. Therefore,
such stringent challenges call for novel spectrum- and energy-
efficient technologies for IoT networks [3].

One promising solution to the above challenges is symbiotic
radio (SR) [2], [4], which originates from cooperative ambient
backscatter communication (AmBC) [5]. A typical SR system
consist of three nodes, namely, a primary transmitter (PTx), a
primary receiver (PRx) and a backscatter device (BD) (e.g., tag
and sensors). There are two types of transmission in the SR, i.e,
the primary transmission and the BD transmission. Specifically,
the BD transmits its message to the PRx by backscattering
the incident signal emitted from the PTx, and thus the BD
transmission shares the same spectrum and radio frequency
(RF) source with primary transmission from the PTx to PRx.
In return, the BD transmission provides additional multipath for
the primary transmission. Therefore, the BD transmission and
primary transmission form a mutually beneficial relationship
from a spectrum sharing perspective [6]. Particularly, SR enables
the BD to transmit its information by exploiting the backscatter
communications, thus eliminating the need of power-hungry RF
chains. There are some studies on SR systems. In [7], the sum-
rate maximization and transmit power minimization problems
were studied by optimizing the transmit beamforming vector
at the PTx. In [8], the resource allocation strategies for the SR
system were investigated under both long-term and short-term
power constraints over fading states. While the SR topic is
appealing and interesting, there still exists one fundamental
challenge in the SR system. As the backscatter link consists
of PTx-BD link and BD-PRx link, it suffers from double fading
effect [5], resulting in that its strength is much weaker than that
of the direct link. Thus, the performance of BD transmission
is limited. Moreover, the BD may backscatter all the incident
signals to PRx, which thus causes other interference at PRx.

Recently, reconfigurable intelligent surface (R1S), also known
as intelligent reflecting surface (IRS) [9]-[13] has drawn consid-
erable attention from both academia and industry for its ability to
reconfigure the wireless propagation environment. Particularly,
RIS is an artificial planar surface comprising a large number
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of reflecting elements, each of which can apply a certain phase
shift on the incident signal, and thus the reflected beams are
formed towards desired directions (i.e, called passive reflecting
beamforming). Owing to the appealing passive beamforming
gain offered by RIS, the joint active and passive beamforming
for RIS-assisted wireless communication systems have been
extensively studied. Specifically, in [14], [15], RIS was used to
minimize the total transmit power for multi-user multiple-input-
single-output (MU-MISO) system. In [16], RIS was utilized
to maximize the weighted sum-rate for MU-MISO system.
RIS was also applied to physical layer security by studying
a minimum-secrecy-rate maximization problem in [17]. It is
also worth pointing out that most of the aforementioned studies
on RIS are based on the assumption of perfect channel state
information (CSI). However, it is challenging to obtain such
perfect CSI in practice, especially in RIS-aided communication
systems [18]-[20]. Under the assumption of imperfect CSI,
robust beamforming for RIS-enhanced communication systems
has also been investigated from different perspectives, such as
transmit power minimization [21], [22], secure communica-
tion [23], [24], and cognitive radio networks [25].

Attracted by the above advantages of RIS, in this paper,
we introduce RIS into the SR system, in which the RIS plays
the role of a BD to simultaneously deliver its information and
assist the primary transmission. The benefits brought by RIS
are two-fold. First, by deploying a massive number of reflecting
elements at the RIS, the RIS can bring the significant passive
beamforming gain by collaboratively adjusting the phase shift
of each element. It has been proved in [10], [14] that such
beamforming gain is proportional to the square of the number
of reflecting elements (i.e., /N). Thus, we can increase N to
compensate for the doubling fading effect of the backscatter
link in the SR system. Second, RIS can also deliberately capture
the signal coming from PTx via passive beamforming. Unlike
most existing works on RIS which focus on assisting wireless
links, once the phase shifts matrix is optimized, it is fixed. The
RIS in our work has an additional function, i.e., delivering its
own information. To achieve it, RIS needs to change the phase
shifts periodically to transmit its information. For example, two
phase states are needed to support the binary phase shift keying
(BPSK) modulation. Denote the common RIS phase shifts by ©.
Then © is used to reflect signal for symbol ‘1, and —® is used
to reflect signal for symbol ‘—1’. The proposed RIS-assisted SR
model is tailored for the IoT scenario, in which multiple sensors
are embedded in the RIS. The sensors collect data from the
environment, such as temperature, humidity, speed, etc. Then
the RIS can feed back the sensors’ data to the PRx by reflecting
the signal coming from the PTx. In this way, the PRx can obtain
the information both from RIS and PTx.

In this paper, we thoroughly investigate a RIS-assisted SR
system under both perfect and imperfect CSI assumptions. The
proposed model consists of a multi-antenna PTx, a RIS and a
single-antenna PRx. The PTx communicates with PRx with the
aid of RIS, at the same time, the RIS can send its message to
PRx by varying the phase shifts. We are interested in the joint
optimization of the active transmit beamforming at the PTx and
the passive reflecting beamforming at the RIS to minimize the
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PTx transmit power, subject to the signal-to-noise ratio (SNR)
constraints of the primary transmission and the RIS transmis-
sion. It is worthy pointing out that the phase shifts of RIS are
not only related to the CSI, but also related to its information
to be transmitted, which brings a new challenge in the RIS
passive beamforming design. Note that there were some works
on RIS-assisted SR [26]-[28]. The authors of [26] and [27]
studied the bit error rate (BER) minimization problem and the
weighted sum-rate maximization problem by jointly optimizing
the active and passive beamforming, respectively. The authors
of [28] considered that the RIS simultaneously assists secure
broadcasting and transmits its own signal, and formulated a
minimum secrecy rate maximization problem. Different from
the above works, this paper studies the power minimization
problem for RIS-assisted SR, by considering both the perfect
and imperfect CSI scenarios as well as both the continuous and
discrete phase shift models. Moreover, the imperfect succes-
sive interference cancellation (SIC) effect at the PRx is also
considered, which makes our study more challenging and more
practical.

In a nutshell, the main contributions of our work are summa-
rized as follows.

e We propose to integrate the RIS into the SR system to
enhance the backscatter link while delivering RIS infor-
mation. Then we formulate a novel joint active and passive
beamforming design problem under both the perfect and
imperfect CSI setups, subject to the SNR constraints of the
primary and RIS transmissions.

e For the perfect CSI scenario, the formulated joint optimiza-
tion problem is challenging to solve due to the coupled
variables and non-convex constraints. We propose an ef-
ficient iterative algorithm to solve it. It is shown that RIS
needs to align the backscatter link with the direct link.

e Furthermore, for the perfect CSI scenario, we analyze the
impact of N (i.e., number of reflecting elements) on the
PTx active beamforming to draw useful insights. Itis shown
that when N is small, the PTx needs to allocate more beam
energy to the direct link. While N becomes larger, the PTx
needs to allocate more beam energy to the backscatter link.

e For the imperfect CSI scenario, we take into account the
effect of the imperfect SIC at the PRx, which makes the
problem more challenging as compared to the perfect CSI
scenario. To tackle these challenges, we first use the linear
function model to characterize the impact of the imperfect
SIC [29], [30]. Then the formulated robust beamforming
problem is solved via the S-procedure and SDR technique.

¢ Finally, simulation results are provided to validate the ef-
fectiveness of the proposed algorithms and the superiority
of the RIS-assisted SR system.

The rest of this paper is organized as follows. Sec-
tion II outlines the system model and problem formula-
tion. Section III studies the cooperative beamforming for
the perfect CSI scenario. Section IV extends the cooperative
beamforming strategy into the imperfect CSI scenario. Sec-
tion V provides simulation results to evaluate the performance
of our proposed algorithms. Finally, Section VI concludes
our paper.
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Fig. 1. System model of a RIS-assisted SR system: RIS simultaneously
enhances primary transmission and transmits its own information to PRx via
tuning the phase shifts.

Notations: Throughout this work, the scalars, vectors and
matrices are denoted by the lower-case, boldface lower-case and
boldface upper-case letters, i.e., ¢, t, T'. C**¥ denotes the space
of 2 x y complex-valued matrices, and SV represents the set
of all N-dimensional real symmetric matrices. For a matrix A,
tr(A), rank(A), A" AT ||A||r, vec(A) and [A]; ; represent
its trace, rank, conjugate transpose, transpose, Frobenius norm,
a column vector by stacking all the elements and i-th row and
j-th column element. For a vector ¢, ||t||2, 7, [tlena, [t]1.n
denote its Euclidean norm, conjugate transpose, the last element
and the first NV elements in the vector ¢. E[-] denotes statistical
expectation. CN (u, 0?) denotes circularly symmetric complex
Gaussian (CSCG) distribution with mean y and variance o2 Iy
denotes the N x N identity matrix, and 1y = [1,...,1]7, and
Oy =10,...,0]7. A =0 means A is a positive semi-definite
matrix. A ® B denotes the Kronecker products of A and B.
blkdiag( A, B) denotes a block-diagonal matrix with A and B
located on its main diagonal block. diag(t) represents a diagonal
matrix whose diagonal elements are given by the vector ¢. |z|,
arg{z} and Re{x} denotes the absolute value, phase and real
part of a complex number x.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a RIS-assisted SR system,
which consists of a PTx with M antennas, a RIS with NV
reflecting elements, and a single-antenna PRx.! Particularly,
the PTx communicates with PRx with the help of RIS, and
the RIS sends its collected environmental information to the
PRx by tuning its phase shifts. The RIS controller needs to
send the information of RIS modulation scheme and its own
minimum SNR requirement to the PTx. Then, the active and
passive beamforming are jointly designed at the PTx based on
the SNR requirements, and the PTx will send the optimized
phase shifts to the RIS controller via a separate wireless control
link [31]. In this section, we first present the channel model,
followed by the signal transmission process in detail. After that,
we introduce the channel uncertainty model. Finally, we present
problem formulation under the perfect and imperfect CSI setups,
respectively.

IFor simplicity, we first consider a single-user case, but the proposed coop-
erative beamforming scheme can be extended to more general cases.
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A. Channel Model

Without loss of generality, we make the same assumption
as [14], [15], [32] on the RIS array deployment. We assume that
a M x 1 uniform linear array (ULA) is deployed at the PTx,
and a N = N, x N, uniform planar array (UPA) is deployed
at the RIS where N, and N, account for number of units
in the horizontal and vertical directions, respectively. In this
work, we consider block flat-fading channels, where the channel
coefficients remain unchanged during one block, but may vary
from one block to another. The channels from PTx to RIS, from
PTx to PRx, and from RIS to PRx are denoted by H € CV*M |
R ¢ CM and g € C'™N, respectively. All the channels
are composed of two parts: large-scale path loss and small-scale
fading. Specifically, we model the distance-dependent large-
scale path loss as

PL (d, ) = By (jo)_ | )

where [y accounts for the path loss at the reference distance
dyp = 1 (m), a denotes the path loss exponent, and d denotes the
distance in meters between arbitrary two nodes. Specifically,
the distance between PTx and RIS, PTx and PRx, RIS and PRx,
are denoted by d; (m), d, (m) and d3 (m), respectively, and
the corresponding path loss exponent are denoted by ay, as,
ag, respectively. For the small-scale fading part, we assume it
follows the Rician fading model. As a result, H can be modeled
as [33]

K 1
H = /PL(d), ) (\/ o HE erlHNLOS> :

(2)
where r; is the Rician factor, H%°5 and HNL°% denote the
line-of-sight (LoS) component and non-LoS (NLoS) component,
respectively. Specifically, each element of H V129 is assumed to
follow the CSCG distribution with zero mean and unit variance,
i.e., CN(0,1). H"°% is modeled as

HYS = a, (04, 6%,) ar (920) " 3)

where ¥4}, and ¢#; are the azimuth and elevation angle-of-
arrival (AoA) to the RIS, respectively; ap? 1, denotes the angle-
of-departure (AoD) from the PTx; a; and a; denote the steering
vectors, which are expressed as [33]

ai(V, 61L) = fn, (— cos(d7,) cos(9,))®
fNy (COS(QZ)?L) Sin(ﬁ?L))a

at(‘P?L) = fM(Sin(<P7QL))7

(4a)
(4b)

where ® denotes the Kronecker product, and fx(u)=

27d,

.2wd
—j —j 5

T
Tt e T KD

l,e , A; denotes the carrier wave-

length, and d; denotes the antenna spacing. For simplicity, we
set d; /A, = 1/2, the same as in [33].
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Fig. 2. Transmission frame of the RIS-assisted symbiotic radio system.

Similarly, the channel responses h'’ and g are modeled as

K 1
h! = \/PL (d>, ) (, /f2 i Rt ‘/T - thL°S> :

&)

H K3 LoS 1 NLoS
= +/PL (d _ _
g V/PL (d3, a3) <,/H3+lg +\/K3+lg )

(6)

where k; and k3 denote the Rician factors of h and g,
respectively. h2°S = a,(p2:)" and gt°% = a; (925, pPR) 2
denote the LoS components; (2 is the AoD from the PTx to the
PRx; 19? r and qﬁ? , are the corresponding azimuth and elevation
AoD from the RIS to the PRx. Moreover, each element of AV L05
and g™V1°9 are assumed to follow the distribution of CA/(0, 1),
respectively.

B. Transmission Model

The transmission frame structure of the RIS-assisted SR
system is shown in Fig. 2, we assume that one channel fading
block covers several primary and RIS symbols. One RIS symbol
covers K primary symbols, i.e., 7. = KT, where T, and T are
the period of RIS and primary symbols, respectively. Within one
RIS symbol period of interest, one RIS symbol c and K primary
symbols [s(1),. .., s(K)] are transmitted.

Remark I: Similar to the conventional backscatter communi-
cation [34], during the transmission phase, the PTx would first
send the synchronization information (e.g., wake-up preamble)
to the RIS controller via a wireless control link [31], then the
RIS controller will decode the synchronization information and
set the RIS into reflection state. Then, the PTx and the RIS can
be synchronized.

1) Transmitted Signal At the PTx: Assume s(k), where k =
1,..., K, follows the CSCG distribution with zero mean and
unit variance, i.e., s(k) ~ CAN(0,1). The PTx utilizes linear
beamforming vector denoted by w € CM*! to transmit its
information, and PTx transmit power is defined as p = ||w]>.
Thus the transmitted signal at the PTx is given by ws(k),
k=1,...,K.

2) Reflected Signal At the RIS: As aforementioned, we have
T. = KTs, where K is an integer representing the spreading
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gain [5]. BPSK modulation® is employed at the RIS, i.e., ¢ €
{1, —1}. Denote a common phase shift matrix of RIS by © =
diag(e?? ... e/%) € CN*N, then the reflection coefficients
of RIS is given by ¢®. In other words, the RIS uses ® to reflect
signal for symbol ¢ = 1, and uses —® toreflect signal for symbol
c = —1. The reflected signal at the RIS can be expressed as
OHws(k)e, k=1,..., K.

In this paper, we consider both the continuous and discrete
phase shift setups for the passive reflecting beamforming at the
RIS.

o Continuous phase shift: the set of phase shifts is defined as

A 2 {010 €[0,27m)}. (7

® Discrete phase shift with b-bit resolutions: the set of phase
shifts is defined as

. 2 2
Ay 2 {owe {0,27;,...,;(? 1)}}. @)

3) Received Signal At the PRx: In the k-th symbol period of
PTx signal, denote the received signal at the PRx by y(k) for
k=1,...,K,yielding

y(k) = hfws(k) + g @ Hws(k)c +2(k)
N — N ——
Direct link

= (" + g"©@Hc) ws(k) + z(k), &)

Backscatter link

where z(k) is the additive complex Gaussian noise with zero
mean and variance o2, i.e., z(k) ~ CN(0,0?).

At the PRx, the information from the PTx and RIS are coupled
together. To achieve highly reliable communication, PRx is
designed to jointly decode the information from both the PTx and
RIS [7]. Similar to [26], [28], we first decode the signal s(k).
The backscatter link can be viewed as multipath for primary
transmission, and the average SNR of s(k) needs to be taken
expectation over ¢ due to the uncertainty of ¢, yielding

vs = Ec {012 |(h" +g"©HC) w|2

_ Tiz |(h + g"OH) w[’ + | (" - g"OH) w|’],
(10)

where we assume the equal probability of ¢ = 1 and ¢ = —1.
After decoding s(k), k = 1,..., K, the SIC technique is used
to decode the RIS symbol c. To be specific, assuming s(k) is
perfectly decoded, we regenerate the signal from the direct link?,
i.e., hflws, where s = [s(1),..., s(K)]T. Then, we subtract it
from the received signal vectory = [y(1), ..., y(K)]atthe PRx.
In practice, the perfect SIC is hard to realize due to the hardware

2We consider a simple yet practical binary modulation, which is easy for
hardware implementation. When we extend to the higher-order modulation
or new reflection pattern modulation, the proposed cooperative beamforming
scheme is still applicable but needs some additional phase shifts design. This
will be left for our future work.

31n the downlink training phase, the PTx sends pilots to the PRx while keeping
the RIS off, then the received signal at the PRx is given by y = h wsp + 2,
where s;, denotes the pilot, z denotes the additive Gaussian noise. Then the PRx
can estimate b w using the classical training-based estimation methods, e.g.,
least-square estimator.
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impairments, which leads to imperfect SIC%, i.e., there remains
residual interference from the direct link. According to [29], a
linear function model can effectively characterize the impact of
imperfect SIC. This means the residual interference scales up
linearly with the removed signal, and thus we have

Shws
———

Residual intereference

9= g"O®Hwsc + (11
| S —

+ \Z,./’
Backscatter link signal Noise

where § = [§1,...,9x]7 represents the signal after applying
SIC; z = [2(1),...,2(K)]T denotes the noise vector; § (0 <
0 < 1) represents the SIC factor which measures the strength
of the residual interference signal. 6 = 0 means perfect SIC,
while § = 1 denotes no SIC is performed. The SIC factor is
mainly affected by the hardware impairments, such as the phase
noise of the local oscillator and in-phase /quadrature-phase (1Q)
imbalances [36].

From (11), maximum-ratio-combining (MRC) is applied to
decode c by treating the remaining part of the direct link signal
as interference, and thus the signal-to-interference-noise (SINR)
for decoding c can be approximated as (assuming K > 1)

2
lg"©Hw|
¢ S o (12)
where K is defined as K = ;—
C. Transformation
For notation convenience, we let v = [¢7%, ..., e/~ 1]H ¢

CNHDX1 G = diag(g")H, H, = [ﬁf} € CIN+DXM
H, = [, 8] e e, py = 8] € N0, ang
H, = 01,12’” e CNHDXM “then the SNR expressions in (10)

and (12) can be rewritten as

1
e

|'vHH3w’2
Ve = (14)

= 5"UHH4w|2+%Z

D. Channel Uncertainty Model

In general, channel estimation is a pre-requisite for jointly op-
timizing the transmit beamforming vector w and the phase shifts
6. Currently, several efficient algorithms have been designed
to estimate the cascaded channel, i.e., the channel spanning
from the PTx to the PRx via the RIS, by switching on all
the reflecting elements. For instance, in [37], the RIS-related
CSI is estimated by minimizing the Cramer-Rao lower bound.
In [18], the compressive sensing (CS) technique was utilized
to perform channel estimation by leveraging the sparsity of
cascaded channels.

“In practice, the exact modeling of SIC is very complicated. For the theoretical
study, there are two approaches to deal with the SIC, one is to assume perfect
SIC to seek a performance upperbound [7], [26], while the other is to use a linear
model to characterize the effect of imperfect SIC [29], [35]. Thus, to facilitate
theoretical analysis, we also adopt these approaches in our work.
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In this work, we assume the direct channel h and cascaded
channel G are estimated by using the channel estimation ap-
proach in [37]. Due to the imperfect CSI which may be caused
by noise, limited training, outdated feedback and quantization
error [38], we assume that the exact channels lie in the vicinity
of estimated channels. As a result, the uncertainty model can be
expressed as

G =G + AG, (15)

h = h+ Ah, (16)

where G and h account for the estimated channels, AG and
Ah denote the CSI errors. The CSI errors are assumed to be
bounded in the spherical regions® as follows

Uy 2 {AG € CVM L ||AG||r < &4},
{Ah € CM*' 1 ||AR|)y < e},

17)
uh,

(18)

where ¢4 and €, are the radius of the bounded regions known
by the PTx. In terms of [21], [41], channel uncertainty ratios are
used to describe a certain amount of channel uncertainties. By
controlling the corresponding ratios denoted by €, and ¢, dif-
ferent channel uncertainties can be calculated as e, = €| G | s
Ep = 6h||h||2, where €g;€n € [0, 1].

E. Problem Formulation

In this paper, we target at minimizing the transmit power at
the PTx via jointly optimizing the primary beamforming vector
w and the phase shifts 8 subject to the SNR constraints of the
PTx and RIS transmissions. Particularly, both the perfect CSI
and imperfect CSI scenarios are considered.

1) Perfect CSI Case: To draw valuable insights into the co-
operative beamforming design, we first consider an ideal case
with the assumption of perfect CSI and perfect SIC. In this
case, CSI errors equal to zero, i.e., AG = Onxpr, Ah = 0.
Optimization results for the perfect CSI scenario can serve as
a performance upper bound for studying the imperfect CSI
scenario. Consequently, the problem can be formulated as

P1: min|jw|? (19a)
s.t.ye > T, (19b)

Ye > T, with § = 0, (19¢)

0,c AVn=1,...,N, (19d)

where I'; and I'. denote the minimum SNR requirements for the
primary transmission and the RIS transmission, respectively. A
represents .4, (given by (7)) for the continuous phase shift case
or A, (given by (8)) for the discrete phase shift case. Note that in
(19¢), 6 = 0, and thus left-hand-side (LHS) of (19c¢) is reduced
to vy, = Klg"OHwP

o2

SProbabilistic CSI error model [39] and bounded CSI error model [40]
are both two approaches for the robust design, which focus on the average
performance and the worst-case performance, respectively. In this paper, we
adopt the bounded CSI error model. Note that the probabilistic CSI error model
is also quite important when we focus on the average performance of the system
and is worthy of future investigation.
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2) Imperfect CSI Case: Considering the practical case where
the perfect CSI is hard to obtain, we aim to study the joint
robust beamforming design of the RIS-assisted SR system under
the imperfect CSI setup. In particular, the imperfect SIC at the
PRx is taken into account. The power minimization problem is
formulated as

P2: min|jw|’ (20a)
stye > T, (20b)

ve > T, with § # 0, (20c)

0, c AVn=1,...,N, (20d)

AG €U,, (20e)

Ah € U,,. (20f)

Compared with P1, the additional constraints (20e) and (20f)
in P2 represent the norm-based uncertainty sets. This means that
the SNR constraints (20b), (20c) must hold for all possible CSI
errors that belong to the uncertainty sets. It is worth pointing out
that imperfect SIC is implemented for this practical case. Thus,
the 7, and . are different from those in P1.

III. COOPERATIVE BEAMFORMING DESIGN FOR
PERFECT CSI CASE

In this section, we present the solution to P1. Actually, P1 is
non-convex due to its non-convex constraints, and even worse,
w and O are highly coupled with each other. Alternating op-
timization (AO) algorithm [14] has been widely used to solve
such coupled non-convex problems. Its basic idea is to decouple
the original problem into several subproblems, and then solve
them iteratively. As for the non-convex P1, we decouple it into
two subproblems. One is related to active transmit beamforming,
while the other is related to the passive beamforming, given by

PLA: min|w|? (21a)
s.t. (19b), (19¢), (21b)
and
PLB: min|w|’ (22a)
s.t. (19b), (19¢), (19d). (22b)

A. Active Transmit Beamforming

In the I-th iteration, given the phase shifts (1), the original
problem P1 is reduced to the active beamforming-associated
problem P1-A. The PTx needs to design the its beamforming
vector w to support the primary and RIS transmissions. As we
know, the PTx communicates with PRx through the PTx-PRx
link (i.e., h) and PTx-RIS-PRx link (ie., f 2 (g"@H)M).
Therefore, the PTx should beam towards the two links to support
the RIS-assisted SR system. Denote the normalized direct chan-
nel and backscatter channel by h = ﬁ, f= H—;:H, respectively.
We have the following proposition.
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Proposition 1: The optimal beamforming vector w* is writ-
ten in the form as w* = a;h + (12?, where a; and a, represent
the complex weights.

Proof: The proof is similar to [7, Proposition 3], and thus
omitted here for brevity. |

Proposition 1 shows that the optimal transmit beamforming
vector lies in the space spanned by the normalized direct channel
h al;ld the normalized backscatter channel f. In particular, the

a
I ‘
direct link, while the Hﬁi‘uz denotes the fraction of beam energy
allocated to the backscatter link.

From Proposition 1, the transmit beamforming vector is
written as

denotes the fraction of beam energy allocated to the

w = alﬁ + a27 = Da, (23)

where D = [h, f] € CM*2 a = [a),a,]T € C**!. Tt can be
seen that optimizing the beamforming vector w is equivalent
to optimizing the complex weight vector a. With the Propo-
sition 1, we introduce two positive semi-definite (PSD) matri-
ces A = aa, V = vv¥, which satisfy A =0, V = 0, and
rank(A) = 1, rank(V) = 1. Denote S| = (H; D)V H D,
Sz = (HzD)HVHzD, S3 = <H3D)HVH3D,thC problem
P1-A can be rewritten as

P1-A1: min tr(D¥DA) (24a)
1

s.t. 757 (tr (S1A) +tr(S,A)) >T,, (24b)
g

;tr(S3A) >T., (24c¢)

A =0, (24d)

rank (A) = 1. (24e)

For P1-A1, the semi-definite constraints (24b), (24¢), (24d)
are convex, however, the rank-one constraint (24¢) is non-
convex. We resort to the SDR technique by relaxing the rank-one
constraint, yielding

P1-A2: min tr(DYDA) (25a)

s.t. (24b), (24c), (24d). (25b)

The relaxation problem P1-A2 is a convex semi-definite pro-
gramming (SDP) problem, and thus it can be efficiently solved
by optimization tools, such as CVX [42]. In general, the optimal
solution A* is not a rank-one matrix. However, for our specific
problem P1-A2, it is shown that optimal solution A* is of
rank-one, yielding the following property.

Proposition 2: The optimal solution A* to P1-A2 always
satisfies rank(A*) = 1.

Proof: Please refer to Appendix A. ]

Based on the Proposition 2, it shows that the rank-one con-
straint relaxation is tight. We can thus obtain a globally optimal
solution to P1-A1 by solving P1-A2. Then, we can further obtain
the optimal transmit beamforming vector w* by decomposing
A*. To be specific, we first conduct A* as A* = UwEng,
where U, = [uy,...,up] € CM*Mand 3, € CM*M gre a
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unitary matrix and a diagonal matrix whose diagonal elements
are the singular value of A*, respectively, then a* is calculated
as a* = /[X]1,1u;. Finally, the optimal beamforming vector
is given by w* = Da*.

In the RIS-assisted SR system, the PTx transmit beam-
forming needs to support both the primary and RIS trans-
missions, Proposition 1 suggests that the PTx should beam
towards the direct link and backscatter link. To obtain es-
sential insights into the RIS-assisted SR system, we ana-
lyze the impact of the number of reflecting elements (i.e.,
N) on the PTx transmit beamforming. Note that the SNR
of primary transmission (51 [|(h" + g7 @ H)w|* + |(RT —
g"OH)w|’] = L(|hw|* + |g" @ Hw|?)) is related to di-
rect link and the backscatter link, while the SNR of RIS trans-

S KlgF®@Hw|\ . .
mission (—<——="-) is only related to backscatter link.

Remark 2: The PTx transmit beamforming depends on the
strength of the direct link and the backscatter link. To be specific,
when the number of reflecting elements (i.e., N) is small, the
strength of backscatter link is much weaker than that of the direct
link. In tl‘lislzsituation, the PTx would like to allocate more beam

aj

energy e to the direct link to satisfy the SNR requirement

w*HZ
(i.e., I'y) of primary transmission, at the same time, the PTx

must allocate a certain amount of beam energy % to the
backscatter link to guarantee the lower SNR requirement (i.e.,
I'.) of the RIS transmission. As N — oo, the backscatter link
would be much stronger than the direct link due to the passive
beamforming gain, the impact of the direct link can be ignored.
The PTx would like to allocate almost all its beam energy to
the backscatter link to meet the SNR requirement of primary
transmission, meanwhile, reliable RIS transmission can also be
achieved.

B. Passive Beamforming With Continuous Phase Shifts

In the [-th iteration, given w) and (!~ then we optimize
the phase shifts 8. Notice that P1-B is a feasibility checking prob-
lem since the objective function does not involve the variable 6.
For a feasible solution @ to P1-B, it remains unknown whether
the transmit power ||w||*> in P1-A will decrease or not, and the
convergence of P1 can not be guaranteed. According to [14],
it is intuitive that minimum transmit power will decrease if the
feasible solution to P1-B achieves higher performance metrics
than the requirements, i.e., 75 > I's and 7. > I'.. To this end,
we aim to maximize the sum of the ratio of primary transmission
SNR to its required SNR and the ratio of RIS transmission SNR
to its required SNR (i.e., $= + ) without violating original
constraints. As a result, P1-B is transformed into the following
problem.

Ve

. Fs e
P1-—-B1: mgux T, + T, (26a)
s.t. (19b), (19¢), (19d). (26b)

Although the problem P1-B1 is non-convex with respect to
0, there exists a closed-form solution to the above problem by
exploiting the structure of the objective function of P1-B1. We
define (1(0) = s, (2(0) = 7., where -5 and . are given in
(10) and (12), respectively. Then the objective function in P1-B1

11683

can be rewritten as % + % First, we derive the maximum

value of (;(0). Denote ) = hw, z = diag(g" ) Hw, we have

N
[B1+Y [zl ™
i=1

2
1
2072

2

_ 1
T 202

G(8)e

N
|¢|+Z|Zi|€j(m+rr)
i=1

b 1 _ N-1 N

=3 G2 >zl cos(n — )
i=1 j=i+l

c 1 N N-1 N

< |e+2d0 0 lallul], 27)
i=1 j=i+1

where “a” and “b” follow from 7; £ 0; + arg(z;) — arg(¢) and
O 2 2+ 3N | |zi]% respectively. For “c.” it is obvious that
¢1(0) achieves its maximum value iff n; =n; = 01,Vi,j =
1,...,N, where g, is an arbitrary constant phase. Then, ac-
cording to the previous definitions, we have 0; = p; + arg(y)) —
arg(z;),vi = 1,..., N. Next, we derive the maximum value of
(2(0) with respect to 6.
N * N 2

G(0) = g Z |2;] ed Ostare(z) | < g Z lzll . @28)
i=1 i=1
based on the triangle inequality, “d” holds iff §; + arg(z;) = 0,
where p; is a constant phase. It is interesting to observe that if
we set oy = —arg(v)), 02 = 0, then the phase shifts of RIS are

given by

0F = —arg(z;),Vi=1,...,N.

7

(29)

Note that the above phase shifts are capable of maximizing the
objective function of P1-B1, then we need to check whether the
above phase shifts satisfy the constraints (19b), (19¢). Denote
the closed-form solution {87}, by (), it is easy to verify that

Ys(w;00) > 5, (w®;007V) > T, (30)

Ye(w®; 6y > 5 (wh; 00Dy > T, (31)

Thus, we claim that phase shifts {0}, in (29) are the globally

optimal solutions to P1-B1, yielding the following theorem.
Theorem 1: In the [-th iteration, the closed-form solu-

tion to P1-B1 is 0 = —arg(z,),Vn=1,..., N, where z =

diag(g" ) Hw.
When the closed-form solution is obtained, we construct
. .o (1) (1) . .
VO using v = [e7% ... e/ 1], then substitute it to the

subproblem P1-A1. Then the two subproblems, i.e., P1-A1l and
P1-B1 are solved iteratively until convergence.

From Theorem 1, the term z = diag(g’ ) Hw is the product
of the RIS-PRx link, PTx-RIS link and the transmit beam-
forming vector, where Hw can be regarded as the effective
PTx-RIS link, and diag(g’?) is regarded as the effective RIS-
PRx link. Hence, the closed-form solution shown in Theorem
1 suggests that RIS phase shifts should be tuned to align
the effective PTx-RIS link and effective RIS-PRx link, such
that the SNR of RIS transmission associated with backscat-
ter link (W) can be maximized. As for the primary
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transmission, its SNR is written as 55 [|(h” + g @ H)w|* +
|(h" — g"OH)w*] = L(Ihw]* + [g"©@Hw|?). It is in-
teresting to find that for its simplified form, the SNR of primary
transmission can be maximized by enhancing the backscatter
link. Therefore, the closed-form solution are capable of enhanc-
ing both the primary and RIS transmissions.

C. Passive Beamforming With Discrete Phase Shifts

In the above subsection, we investigate the continuous phase
shifts design. However, it is difficult to tune the phase shifts
continuously in practice due to the hardware limitation. Thus, we
study the discrete phase shifts design problem in this subsection.
According to [15], when a large number of reflecting elements
are equipped at the RIS, it is much more cost-effective to
configure the phase shifts with a small number of bits. Therefore,
we first study the 1-bit phase shifter design problem.

1) Phase Shifter With 1-Bit Resolution: Similar to P1-B1, in
the I-th iteration, given w() and #¢~1) we have the following
phase shifts optimization problem

P1-B2: min [|lw|* (32a)
s.t. ((19b), (19¢),
0, €{0,7},Yn=1,...,N. (32b)

Since the optimization variable € is implicit in P1-B2,
we need to provide more tractable expressions of the con-
straints in P1-B2. Recall the variable V' defined in Section III-
A, we denote B, = Hjw(H w)? ¢ CN+)x(N+1) "' B, —
Hyw(Hyw)" ¢ CV+)*x(N+D) and By = Hyw(H3w)" €
CIN+D*(N+1) ' then we have

v Hyw|’ = v Byo = we(ByV), k=1,2,3.  (33)

Accordingly, 5 in (13) and 7. in (14) can be rewritten as

(V) = —— [0 (B,V) + tr (Ba V)]

34
202 34)
K
’yc(V) = ;tr(B3V). (35)
Then P1-B2 can be transformed to
P1-B3: min ||lw|?
\4
s.t.ys(V) > T, (36a)
Ye(V) = I, (36b)
rank(V) = 1, (36¢)
V]pn,=1L¥n=1,...,N+1  (36d)

Note that P1-B3 is a feasibility testing problem. Same as
P1-B1, if the obtained feasible solution can achieve higher
performance values (i.e., 75 and 7.) than the SNR constraints
(i.e., I'y and I';.), the minimum transmit power will decrease,
and thus the convergence of P1 can be guaranteed. Then, we
introduce a slack variable ¢, which satisfies ¢ > 1, P1-B3 can be
rewritten as

P1-B4: max t (37a)
Vi
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Algorithm 1: Gaussian Randomization Procedure for Ob-
taining Rank-One Solution.

Input:The solution: V'*, a large positive integer I, and an
empty set G.

Output: Optimal phase shifts: (1),

1:  Conduct singular value decomposition (SVD) of V'*

asV*=U,3, Ul withU, = [Wo 1y Uy Nt1]-
2: fori=1toIdo l
3: Generate a vector v; = U, X2 e;, where
€e; ~ CN(0N+],IN+1).
4: if P1-B4 is feasible with v;, then
5: Obtain 0; = [arg(h,:]’ﬁ)]uv, G=GU®#,,
compute 7(0;) = |g7 ©, Hw|?,
6: end if
7:  end for
8: Obtain the rank-one solution
0* = argmaxg,cc 7(0;)
9: return
O 1 _pix = arg Minge o r} 0 —0x|,n=1,...,N.
s(V
st 2V Sy (37b)
T
7:(V)
>t 37
r. =t (37¢)
t>1, (37d)
(36¢), (36d). (37e)

The SDR technique can be applied to solve P1-B4. When
we obtain the solution V), then substitute it into the active
beamforming related problem P1-A1 to obtain w*!). By doing
so, the subproblem P1-A1 and P1-B4 are solved iteratively until
convergence. Finally, the converged solution V* may not be
rank-one due to the relaxation. Hence, the Gaussian randomiza-
tion procedure is used to obtain a rank-one solution [14]. The
main idea is to generate a set of candidate vectors {v;} using
V', then select the best one from the set. The details are given
in Algorithm 1.

2) Phase Shifter With Any-Bit Resolutions: As for the high-
resolution phase shifter, if we sill use the SDR technique, it will
incur high computational complexity when NN is large. With the
increasing of the number of quantization bits (i.e., b), its discrete
phase shift set given by A, = {6]0 € {0, 3%, ..., 5 (2* — 1)}}
will be closer to the continuous set A; = {6]0 € [0, 27)}. There-
fore, we can directly quantifying the continuous phase shifts to
its nearest point in the discrete set without sacrificing severe per-
formance loss as compared to the SDR technique. Specifically,
we first relax the discrete constraint by considering its continu-
ous counterparts, and then directly quantize the continuous phase
shifts given in Theorem 1 to its nearest discrete feasible point,
given by

HZAny_bit:argmin|9—9fl|7n:1,...,N, (38)
’ 0cA,

where 0* is the optimal solution to continuous phase shifter.
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TABLE I
COMPLEXITY ANALYSIS FOR THE PROPOSED ALGORITHMS

CSI Active Beamforming-associated Subproblem

Passive Beamforming-associated Subproblem

Perfect CSI O(23-51og(1/5))

Continuous Phase Shifter: O(1) due to the closed-form solution

1-bit Phase Shifter: O((N + 1)3-°1log(1/5))

Any-bit Phase Shifter: O(2°N)

O(log(1/<)[2(2M (N + 1)) + 1]/2M[M?+

Imperfect CSI
fpertee 2M(2M (N + 1) + 1)2 +2(2M (N + 1) + 1)3))

Continuous Phase Shifter &1-bit Phase Shifter:
O®log(1/)[2(2M (N + 1)) + 1]V/2(N + 1)[(N +1)2
+2(N + 1)(2M(N + 1) + 1)2 + 2(2M (N + 1) + 1)3])

Any-bit Phase Shifter:
O(log(1/5)[22M (N + 1)) + 1]'/2(N + D)[(N + 1)2
+2(N + 1)(2M(N +1) + 1) + 2(2M(N + 1) +1)3] + 2°N)

D. Convergence and Complexity Analysis

1) Convergence: The overall procedure for solving prob-
lem P1 is shown in Algorithm 2. The algorithm is initial-
ized with w©® and V(© chosen from feasible sets, and then
w® and V) are optimized alternatively in the I-th itera-
tion. The proposed algorithm is guaranteed to converge since
the transmit power p is monotonically non-increasing over
the iterations, i.e., p(w(~1;V(-D) % ming, p(w; VD) =
p(w®; VD) L pw®, V), where “a” is true since P1-
A2 is a convex problem, and “b” holds since P1-B4 is a
feasibility checking problem. Hence, we have proved that
p(w1; VDY > p(w®; V), which can guarantee to con-
verge to a local (global) optimal solution.

2) Complexity Analysis: According to [43], [44], by utilizing
the interior-point method algorithm, it can be shown that the
computational complexity for solving the SDP problem P1-Al
is O(2%31og(1/s)), where ¢ accounts for the precision of the
interior point algorithm. For the problem P1-B1, we omit the
complexity of obtaining the closed-form solution given in The-
orem 1; for the one-bit phase shifter, the complexity for solving
P1-B4 is O((N + 1)3*31log(1/s)); while for the any-bit phase
shifter, the complexity of the quantization method is O(2°N).
Denote by I the iteration number of the AO algorithm, then the
overall complexity of Algorithm 2 with one-bit phase shifter is
O(1o(2%31og(1/<) + (N + 1)3*log(1/s))), while for the con-
tinuous and any-bit phase shifter, the complexity of Algorithm
2 are O(I1p(2*31og(1/s)) and O(I1p(2%31og(1/s)) + 2°N),
respectively. The details of the complexity analysis are sum-
marized in Table I.

IV. COOPERATIVE BEAMFORMING DESIGN FOR THE
IMPERFECT CSI CASE

In the previous section, cooperative beamforming design is
investigated under the perfect CSI setup. Nevertheless, in prac-
tice, it is challenging to obtain perfect CSI, which motivates us
in this section to study robust beamforming for the RIS-assisted
SR system.

Recall that variables H,, H,, H;, H; and v defined in
the Section II, under the imperfect CSI setup, they can be
rewritten as

Hy=H,+AH k=1,....4, (39)

Algorithm 2: AO Algorithm for P1 with Perfect CSI.

1: Initialize w(©, 8, V(9 and iteration number [ = 0.

2: repeat
3:  Obtain w*Y by solving the problem P1-A1 with
given V),

4:  Obtain V(+1 with given w1, in terms of different
phase shifters (i.e., continuous, 1-bit, any-bit).
5: Update ! < [ + 1.
6: until the transmit power, i.e., tr(||w ! ||?) converges.
7: Obtain optimal solutions w* and 8* according to
different phase shifters.

— G| - G| - . —
where Hy = |~-g|, Hy = | -5 ,H_g:[G},andHAt:
h h 0ns
0
%?{M denote the estimated composite channels, AH | =
(AG] ~AG AG
AhH:|’ AHZZ |:AhH:|, AH?,: |:0H:|’ and AH4:
OAN;}{{ represent the composite CSI errors.

~ In addition to variable V defined in Section III-A, we intro-

duce another variable W, which satisfies W = 0, rank(W') =
1. By using SDR technique to relax the rank-one constraints of
W and V/, the problem P2 can be recast as

P2': min tr(W)

s

st.to(VH,WH) + «(VH,WHY) > 2I',0°,

(40a)

(40b)
H
tr(VH;WHH) ST 400)
Su(VH,WHI) + 2
V]pn=1¥n=1,...,N+1, (40d)

AH, € H{,AH, € H),AH3 € H3, AH, € H4

(40e)
W =0, (40f)
V =0, (40g)

where H 1, H,, H3, H4 denote the CSI error sets of the composite
channels H, H,, H; and H 4, respectively.
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A. AO Algorithm for P2

P2’ is anon-convex problem due to its non-convex constraints.
Moreover, the imperfect SIC and the bounded CSI error con-
straints make the problem more challenging. Fortunately, the AO
algorithm can still be utilized to split P2’ into two subproblems,
which are solved iteratively until the convergence. The two
decomposed subproblems are expressed as

P2-A: mint(W) (41a)
s.t. (400), (40¢), (40¢), (401), (41b)
and
P2-B: minu(W) (422)
s.t. (40b), (40c), (40d), (40e), (40g).  (42b)

The challenge to solve P2-A and P2-B lies in the semi-infinite
constraints caused by the channel uncertainty (40e). To address
this, we transform them into deterministic constraints by em-
ploying a tool called S-Lemma, please refer to [21, Lemma 1]
for more details of S-Lemma.

We first rewrite the constraints (40b) and (40c) using (39).
The constraint of primary transmission (40b) becomes

t(VHWH) + n(VH,WHZ) > 2T 0? (43)
& vecl (ﬁl + AHI) (W @ V)vec (El + AHl)

+vect (ﬁerAHz) (W @ V) vec (ﬁerAHz) >0

(44)

& [a"Ua +2%e {'UB} + BTUB| > 200, (45)

where “a” holds due to the matrix equality, i.e., tr( A7 B) =
vec (A)vec(B) and vec(ABC) = (C" ® A)vec(B), “b”
follows from the following definitions

a = [vec" (AH,), vec" (AHZ)]H € C2MWN+1)
B= {VGCH (Hl) ,vec!! (ﬁz)}H € C2MWN+D),

U = blkdiag(W @ V,W @ V) € C?MWN+D)x2M(N+1)
(48)

(46)

(47)

According to [21], the channel uncertainty constraints, i.e.,
(40e), can be equivalently expressed in the following quadratic
forms

aAja -2, <0,Vi=13.a"Aa— 5, <0,Vi=2,4
(49)
where
A, = diag(b,...,b,0n 1)), Ax = diag(c, ..., ¢, 0nr1)m),
—— ——
M M
7C)7

A3:diag(0(N+1)M7 b7 ey b)7 A4:diag(0(N+1)M, C,...
S—— N——

M M
b= [1y,0] € CN*! c=[0,15] € CVT.
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Then, according to the general S-Lemma, by introducing
an auxiliary vector t = [t,t,3,%4]7 > 0, the equivalent con-
straints (45) and (49) can be equivalently transformed into the
following linear matrix inequality.

U+Yi A UB
wp)”

where C; = BHUB — 20°T'y — (t; + t3)5§ — (ta+ t4)€%.
Similarly, we can rewritten the constraint (40c) as follows

-0, 51
o | = (51

1
n"Tn+2Re {n"Tr} + r"Tr - Eo—zrc >0, (52

where

n = [vec” (AH5),vec” (AH,)]" € C2MIN+D - (53)

. o \1H
r= [VCCH (H;) ,vect (H;;)} e CMN+), (54)
T = blkdiag (W @ V, ~T.0 (W & V)

c CZ]\I(N+1)><2M(N+1). (55)

And the channel uncertainties, i.e., (40e), can be expressed in
terms of 7 [21]

(56)
(57)

By using the S-Lemma, the constraints (52), (56) and (57) are
valid if and only if there exists a vector ¢ = [q1, ¢2, g3, qs]T >0
such that the following inequality is valid.

n"An—¢e; <0,n" A <0,
n" Asm — €3, <0,n Asn <0.

T + Z;‘:l inq; Tr o O
(Tr)" C,

p— )

(58)

where Cy = 1 Tr — £0°T'. — qie] — que7,.

Then, the semi-infinite constraints are transformed into equiv-
alent finite constraints, i.e., (51), (58). Further, P2-A and P2-B
can be transformed into convex SDP problems.

P2-A1: min tr (W) (59a)
W’{ti}jzlzov{Qi}‘;:lZo
s.t.  (51), (58), (40f), (59b)
and
P2-B1 : min tr (W) (60a)
V?{w'i}2=1207{y'i}3=120
st (51),(58), (40d), 40g)  (60b)

Note that the P2-A1 is now a standard convex SDP problem,
which can be efficiently solved by existing optimization tools,
i.e., CVX. However, P2-B1 is a feasibility checking problem.
To obtain a feasible solution which guarantees the convergence
of the whole AO algorithm, according to [22], we consider P2-
B1 with the modified constraint (40d), i.e., [V],n, =€, n =

I,...,N+1,and 0 < e < 1. If the solution (V', W) satisfies
the rest of constraints in P2-B1, then the solution (éf/', eW') can
guarantee all the original constraints in P2-B1 while achieving
a lower power, i.e., tr(eW'). Thus, we introduce an auxiliary
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Algorithm 3: AO Algorithm for P2 with Imperfect CSI.

1: Initialize W = ww? and V©) = vov!!, and iteration
number [ = 0.
2: repeat
3:  Obtain optimal W (+1) by solving the problem P2-A1
with given V().
4: Obtain optimal ‘7(l+1) and e("t1) by solving problem
P2-B2 with given W (+1),
WD (D D) O+ ea%mf/(M)-
Update [ < 1 + 1.
: until the transmit power, i.e., tr(W(l)) converges.
: Obtain w* and 0* via Gaussian randomization with
given W and V() in terms of different phase
shifter(i.e., continuous, 1-bit, any-bit).

variable e, and transform P2-B1 into the following problem, i.e.,
P2-B2. By solving P2-B2, the convergence of the AO algorithm
can be guaranteed.

BEBZL G et Bt Ol
st (51, (58), (40d), (40g), (61b)

V]pm =e,Vn=1,....N+1, (6lc)

0<e<l. (61d)

Similarly, P2-B2 is a standard convex SDP, which can be
tackled by CVX, and then the final solution can be calculated
as V) éf/(l). Therefore, using the AO algorithm, the two
subproblems P2-A1 and P2-B2 are solved iteratively.

After we obtain the converged solutions W* and V'*, Gaus-
sian randomization method is used to obtain final solution
w* and 6*. Specifically, To be specific, we first decompose
W*and V* as W* = U ,, 2, U2, V* = U, 2, UH, where
U, and U, are the unitary matrices, >,, and 3, are the
diagonal matrix whose diagonal elements are the singular
value of W* and V'*, respectively. Then, we generallte D ran-
dom vectors, e.g., wg = Uy dp2eq, vg = UyXy2eq, 04 =
[arg([lf;ﬁ)]m\;, where ey ~ CN(0,1,,) with I, € RM*M
denoting an identity matrix, then we incorporate them into a set
Q and F. Finally, we take the value of w* = arg mingcq [Jw|/3,
0* = argmaxgcr |g7 O Hw*|?.

Remark 3: We can obtain the continuous phase shifts using
the above Gaussian randomization method. As for 1-bit phase
shifter design, we can use the Algorithm 1 with input V'* to
obtain 1-bit phase shifts. For the any-bit phase shifter, we directly
quantize the obtained continuous phase shifts into the discrete
space.

B. Convergence and Complexity Analysis

1) Convergence: The detailed process for solving P2’ is sum-
marized in Algorithm 3, W and V') are iteratively updated
over the iterations. Then the optimal w* and 8* are obtained
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from the converged W) and V' (V). Algorithm 3 can guarantee
the convergence of P2/, proof is omitted here due to the similarity
with Section III-D.

2) Complexity Analysis: According to [21], [43], the prob-
lem P2-A1 and P2-B2 can be solved by the standard interior
point method, and the general expression of the complexity is
given by

J 172 J J 1
OD b+20| k(K +ED bi+> bi+ky m;
j=1 j=1 j=1 i=1
(62)

where k denotes the number of variables, J denotes the number
of linear matrix inequalitys (LMIs) with size b;, I denotes the
number of second-order cone constraints with size m;. Based
on this expression, we summarize and provide the complexity
analysis for solving these problems in Table 1.

V. SIMULATION RESULTS

In this section, numerical results are presented to demon-
strate the performance of the proposed algorithms. Following
the parameter settings in other works [14], [26], we set the
PTx-RIS link distance d; = 200 (m), the PTx-PRx link distance
d, =202 (m), the RIS-PRx link distance® d3 =3 (m). The
Rician factors are set as k; = 10 dB, xk, = 3 dB, k3 = 3 dB.
The path loss exponent as o) =2, ay = 3.5, az = 2.8. The
AoD of PTx-PRx and PTx-RIS links are set as o2, = —0.4,
©P, = 0.6m, the azimuth and elevation A0A of PTx-RIS link are
setas ¥4, = 0.8 and ¢4, = 0.057, the azimuth and elevation
AoD of RIS-PRx link are setas 92, = —0.57 and ¢2p, = 0.17.
We set By = —40 dB according to the 3GPP UMi model [45]
with carrier frequency 3.5 GHz, the number of PTx antennas
M = 4, and the noise power o> = —100 dBm. In addition, we
setI'y =20dB, I'. = 5 dB, spreading gain K = 100.

A. Perfect CSI Case

For the perfect CSI case, in order to reveal the insights of RIS-
assisted SR system, we compare the proposed algorithms with
the following baselines that are commonly used in the existing
literature [14], [15].

® Baseline I (Without RIS): i.e., N = 0, the formulated prob-

lem degrades to the conventional transmit power minimiza-
tion problem;

® Baseline 2 (Random phase shifts): phase shifts are uni-

formly chosen from continuous feasible sets;

® Baseline 3 (PTx-PRx MRT): We set the normalized PTx

transmit beamforming vector as w = ﬁ based on the
PTx-PRx channel. Denote p as the transmit power at the
PTx, we have the transmit beamforming vector w = /pw.
The phase shifts 0* are obtained using Theorem 1. Finally,

To reap more passive beamforming gain brought by the RIS, the RIS is
deployed close to the PRx.
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Fig. 3. Power versus number of reflecting elements /V: Primary transmission
requirement I'g = 20 dB, RIS transmission requirement I'. = 5 dB, spreading
gain K = 100.

the transmit power is calculated as

p = max (Ps,min, Pc,rnin) : (63)

20°T

where Ps,min = R gl Hwl +|hY —gHle  H)wl®

2
Pemin = Rgrermmn:

® Baseline 4 (PTx-RIS MRT): We set the normalized PTx
transmit beamforming vector as w = H’?ﬁ based on the
PTx-RIS rank-one channel, where hy is any row in the
channel H. Similarly, the transmit beamforming vector
w = ,/pw. The optimal phase shifts 6* are obtained via
Theorem 1. The minimum transmit power p is given by
(63).

® Baseline 5 (PTx-RIS-PRx MRT): In the alternating op-
timization algorithm, when solving the subproblem P1-
A, we set the normalized transmit beamforming vector
as W = ﬁ, where f £ (g7 ©H)™, when solving the
subproblem P1-B, the optimal phase shifts 8* is given
in the Theorem 1, and then the transmit power is given
by (63). Then, we iteratively solve P1-A and P1-B until
convergence.

® PBaseline 6 (Conventional RIS): RIS does not transmit its

information, itis only used to enhance backscatter link. The
algorithm proposed in [14] is utilized to solve the RIS-aided
power minimization problem.

Fig. 3 shows the transmit power with respect to the number of
reflecting elements under different schemes. First, it is observed
that the power decreases with the increasing of the NV at the
RIS. The reason is as follows. The more reflecting elements,
the stronger the backscatter link. Thus, PTx needs less power to
fulfill its signal transmission under the same SNR constraints.
Second, it can be seen that PTx-PRx MRT and PTx-RIS-PRx
MRT baselines perform closely to the proposed algorithm.
Obviously, the two baselines can be viewed as special cases
of the proposed algorithm by setting the normalized transmit
beamforming vector as w = hLz and w = ﬁ Interestingly,
we find that for small N, PTx-PRx MRT outperforms the PTx-
RIS-PRx MRT. However, when N exceeds 30, PTx-RIS-PRx
MRT is better than PTx-PRx MRT. This is because when N is
small, the backscatter link is much weaker than the direct link,
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Fig. 4. Power versus number of quantization bits b: Primary transmission
requirement I'g = 20 dB, RIS transmission requirement I'. = 5 dB, number of
reflecting elements N = 20, spreading gain K = 100.

the PTx would like to beam towards the direct link to fulfill
transmission. When N goes larger, the backscatter link is much
stronger, then PTx would choose to beam towards the backscatter
link to satisfy the SNR requirement. This observation verifies our
analysis in Remark 2.

On the other hand, we can see that for Baseline 6 (Con-
ventional RIS) in Fig. 3, it needs less transmit power than
the proposed algorithm. The reason is as follows, conventional
RIS is used purely to aid the wireless links, once the phase
shifts matrix is optimized, it is fixed. While for the RIS-assisted
symbiotic radio system, RIS has two functions, namely, assisting
the wireless links and transmitting its information. For this type
of use, RIS will change its phase shifts periodically according
to its transmitted symbols. Therefore, compared with the con-
ventional RIS, more power is needed to transmit the additional
RIS information.

Fig. 4 plots the transmit power versus the number of quan-
tization bits under different schemes. The results under contin-
uous phase shifts design serve as a lower bound, one can see
that more power is required in discrete phase shifts scenario.
As the number of quantization bits b increases, the gap be-
tween continuous and discrete phase shifts becomes negligible.
This is because with the increasing of b, its discrete phase
shift set given by A, = {0]6 € {0,3%,..., 35 (2" — 1)}} will
be closer to the continuous set A; = {0|0 € [0,2)}. For the
proposed algorithm, the transmit power increases by 4.2%,
1.7%, 0.4% as compared to continuous phase shifts design, when
b=1,2,3, respectively. Particularly, the performance of the
3-bit phase shifter is capable of approaching that of a continuous
counterpart.

In Fig. 5, we investigate the how the SNR requirements of
primary and RIS transmissions affect the system performance
with N = 20. One can observe that for fixed I';, the transmit
power first remains unchanged, then it gradually increases as
I'. goes larger. Interestingly, when I'. is greater than 15 dB,
the RIS-assisted symbiotic radio system shows almost the same
power for I's = —10 dB, —5 dB, —3 dB, respectively. In the
low I'. regime, the SR system mainly focuses on the primary
transmission, and thus RIS can use the signal coming from
PTx to achieve its information transmission. But in the high I,
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regime, RIS transmission dominates the power consumption. In
this case, the transmit power remains the same for different I';.

Next, we investigate the relationship between the transmit
power and the spreading gain (i.e., K) in Fig. 6. From (63), when

: : o T,
the second term is greater than the first one, i.e., RgHeian >

Wpﬁ%, the power depends on the second term.
By increasing K, the transmit power can be reduced. As K
increases, the second term will be less than the first one, and
thus the power now depends on the first term, resulting in a
constant value regardless of K. In this case, the power p =
Wﬁ%, which depends on the phase shifts design.
Obviously, the gap of transmit power p under the continuous
and random phase shifts design increases with the number of
reflecting elements IV, since a larger /V enables a greater passive
beamforming gain, and the less transmit power is thus achieved.
From Fig. 6, when N = 20, the continuous and random phase
shifts design show almost the similar power for larger K, a
trade-off between K and phase shifts design is observed. We
can either use a larger /' with random phase shifts design or
use a smaller K with continuous phase shifts design to achieve
a given power. When N = 60, the power gap under the two
design schemes increases, and the above trade-off doesn’t exist.
No matter how we adjust the K, the achieved minimum power
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with random phase shifts design is limited. Thus, we need to
perform continuous phase shifts design to further decrease the
power.

As shown in Fig. 7, it is observed that the power decreases
with the Rician factor of PTx-RIS link ;. This can be explained
as follows, when k1 = —30 (dB), the PTx-RIS channel is almost
Rayleigh fading, leading to a more random channel environment.
Thus, more power is needed to compensate for the randomness.
As k1 becomes larger, the PTx-RIS channel is gradually dom-
inated by the deterministic line-of-sight (LoS) component, and
the transmit power will decrease as the randomness decreases.
Moreover, when we fix the Rician factor x; to see the impact of
Rician factor x3, similar observations can be obtained.

B. Imperfect CSI Case

Finally, we analyze the effects of imperfect CSI and imperfect
SIC on the power consumption. In Fig. 8, we fix the SIC factor
0 = 0.01 to study the impact of imperfect CSI by varying the
channel uncertainty ratios, i.e., ¢, and €. It is observed that
when we fix one of the uncertainty ratios and vary the other,
the transmit power will increase correspondingly to make sure
that the SNR requirements are satisfied for all possible channel
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errors. This observation demonstrates that perfect CSI is a pre-
requisite to unlock the full potential of joint beamforming. Then,
in Fig. 9, we investigate the influence of imperfect SIC by fixing
the uncertainty ratio e, = 0.01 and €5, = 0.05. We can observe
that power consumption increases with the increasing of SIC
factor §. This is as expected since a larger imperfect SIC will
lead to the larger residual interference. Therefore, the SNR of the
RIS transmission will be reduced. When the RIS transmission
requirement dominates the transmit power. To guarantee the RIS
transmission requirement, the PTx needs more power to alleviate
the impact of imperfect SIC.

VI. CONCLUSION

In this paper, we have studied a cooperative beamforming
scheme for the transmit power minimization problem in a RIS-
assisted SR system, where the active transmit beamforming
at the PTx and the passive reflecting beamforming at the RIS
have been jointly optimized. We have first investigated the
problem under the perfect CSI assumption. Particularly, we have
considered both continuous and discrete phase shift setups of
the RIS. Then, to make our problem more practical, we have
re-investigated these cooperative beamforming problems under
the imperfect CSI and the imperfect SIC assumption. Numerical
results have shown that the effectiveness of the RIS information
transfer and the introduction of RIS into the SR system can
significantly improve the performance.

APPENDIX A

PROOF OF PROPOSITION 2

The Lagrangian function of P1-A2 can be written as

L(A 1, Z)=tt(D"DA)— (r(S, A) +tr(S2A) —20°T )

1
—p (tI'(S3A) - K02F0> —tr(ZA),
(64)
where A, u, Z are the Lagrangian multipliers associated with
constraints (24b), (24¢) and (24d), respectively. Since P1-A2 is

a SDP problem and thus convex with respect to A, it can be
verified that P1-A2 satisfies Slater’s condition [42], and thus the
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duality gap is zero. The optimal solution needs to satisfy the
following Karush-Kuhn-Tucher (KKT) conditions

A Z
M:DHD—/\(SI+SZ)—;LS3—Z:O,
DA

(65)
ZA=0, (66)
tr(S1A) + tr(S,A) > 20°T,, tr(S3A) > %szm (67)
A (1(S1A) + t(S,A) — 20°T) =0, (68)

1

L (tr(S3A) - KU2FC> =0, (69)
A>0,u>0,A>0,Z > 0. (70)

From (67), we know that rank(A) > 1, otherwise, the in-
equality in (67) does not holds. Further, we have the following
inequality

a b
rank(Z) < rank(ZA) + 2 — rank(A) < 1, (71)

where “a” follows from the fact that rank(XY") > rank(X) +
rank(Y") — n, for arbitrary matrix X ,,, «,, and matrix Y, ,, and
“b” holds since rank(Z A) = 0 and rank(A) > 1.

On the other hand, we can obtain

rank(Z) = rank(D” D — (S, + S,) — uS3) (72)

> rank(D D) — rank(A(S) + S») + puS3)  (73)

d
>2-1=1, (74)

where “c¢” follows from the fact that rank(X —Y) >
rank(X') — rank(Y") for any two matrices with the same dimen-
sions. Besides, “d” holds due to that rank (D D) = rank(D) =
2 and rank(A(S| + S2) + ©1.S3) < 1 since there exists at least
one strictly positive between A and p. This can be proved by
contradiction. Supposing that 1. = pu = 0, substitute this condi-
tion into (65), we can obtain Z = D D. Then according to
(66), we have D" DA = 0, implying A = 0 since D D is
an invertible matrix. However, this result contradicts with (67).
Therefore, A and £ can not be zero simultaneously.

Combining (71) and (74), we have rank(Z) = 1. Similar to
(71), it follows that

rank(A) <rank(ZA) 4 2 —rank(Z) = 1. (75)

Accordingly, it follows that rank(A) = 1, and the proof of
Proposition 2 is thus completed.
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