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Abstract

In this paper, we propose a simultaneously transmitting and reflecting reconfigurable intelligent surface (STAR-
RIS) empowered transmission scheme for symbiotic radio (SR) systems to make more flexibility for network
deployment and enhance system performance. The STAR-RIS is utilized to not only beam the primary signals
from the base station (BS) towards multiple primary users on the same side of the STAR-RIS, but also achieve
the secondary transmission to the secondary users on another side. We consider both the broadcasting signal
model and unicasting signal model at the BS. For each model, we aim for minimizing the transmit power of
the BS by designing the active beamforming and simultaneous reflection and transmission coefficients under the
practical phase correlation constraint. To address the challenge of solving the formulated problem, we propose
a block coordinate descent based algorithm with the semidefinite relaxation, penalty dual decomposition and
successive convex approximation methods, which decomposes the original problem into one sub-problem about
active beamforming and the other sub-problem about simultaneous reflection and transmission coefficients, and

iteratively solve them until the convergence is achieved. Numerical results indicate that the proposed scheme can
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reduce up to 150.6% transmit power compared to the backscattering device enabled scheme.
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I. INTRODUCTION

Recently, reconfigurable intelligent surface (RIS), as an emerging technology in 6G communications,
has arouse the wide attention from academia and industry [[1[-[3]]. A typical hardware architecture of RIS
comprises of a reflection component, a copper plate and a control circuit. Compared to the impedance
metasurface, RIS can control its phase shift from 0 to 27 to smartly reconstruct the associated multipath
[4]]. Inspired by this, RIS has been viewed as a promising solution for boosting the performance of wireless
communications and widely deployed for localization, massive connectivity, edge computing, and physical
layer security [3]].

At present, RIS is generally classified into reflection-only RIS [5] and simultaneously transmitting and
reflecting RIS (STAR-RIS) [[6]]. For the reflection-only RIS, the transmitter and receiver have to be on the
same side of the RIS. Recently, most works focus on the applications of reflection-only RIS in wireless
communications [7[|-[14]. In [7], the reflection-only RIS empowered scheme was proposed to improve
the downlink communication performance. In [8]], the energy efficiency maximization was achieved by
designing the transmit power at the base station (BS) and phase shifts at the reflection-only RIS. In [9],
the reflection-only RIS was utilized in a cell-free network to assist the transmission from distributed BSs
to multiple users. In [10] and [[L1]], the reflection-only RIS assisted wireless localization scheme was
proposed to improve the accuracy of wireless localization. Moreover, the reflection-only RIS was also
applied to boost the performance of mobile edge computing systems [12]] and enhance physical layer
security [[13]], [14].

Constrained by the reflection-only characteristics, the flexibility of network deployment in [[7]]-[14]
cannot be guaranteed. For example, if the transmitter and receiver are deployed on different sides of the
reflection-only RIS, the existence of the reflection-only RIS cannot assist the communications between
the transmitter and receiver, and may be even an obstacle between them. In order to surmount this
deficiency, the novel STAR-RIS [15]], also known as Intelligent Omni-Surface (I0S) [16], was proposed.
In each element of the STAR-RIS, a parallel resonant LC tank and small metallic loops are adopted
to afford the desired electric and magnetic surface reactance. Then, by varying the bias voltages to the
integrated varactors, the electric and magnetic surface reactance of each element is adjusted to achieve
the simultaneous transmission and reflection independently [I5]. The incident signal received at each
STAR-RIS element can not only be reflected on one side (i.e., reflection region) but also penetrate the

surface on another side (i.e., transmission region). Thus, the 360° coverage can be achieved for STAR-
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RIS assisted communication systems. Motivated by this superior performance, STAR-RIS has been widely
investigated [17]-[22]]. In [17], a STAR-RIS aided downlink communication system was studied, in which
three operating protocols were proposed and the system performance in terms of transmit power under
these protocols was further compared. In [18], the authors designed an efficient uplink channel estimation
algorithm for STAR-RIS aided systems and demonstrated that the proposed algorithm is more suitable for
the time-switching protocol. In [19], a STAR-RIS assisted (multiple-input multiple-output, MIMO) system
was investigated, in which the sum-rate maximization problem was investigated in both unicasting and
broadcasting signal models. Due to the superior ability of reconstructing the radio environment, STAR-RIS
is also an efficient technique for establishing reliable secure transmissions [20]], [21]]. In [22]], a STAR-RIS
aided indoor transmission scheme was proposed to reduce the inter-cell interference.

In the above works [10]-[21], both reflection-only RIS and STAR-RIS were considered to assist
information transmission of existing communication systems. However, the RIS may also need to transmit
its own information, e.g., the humidity and temperature sensed by its embedded sensors, to a desired
receiver. This novel functionality for supporting information delivery of both primary transmission (i.e.,
information transmission of existing communication systems) and secondary transmission (i.e., its own
information transmission) is termed as a symbiotic radio (SR) paradigm [23]], which was inspired by the
concept of the biological ecosystem [24]. A conventional SR system was empowered by a backscattering
device, which transmits its own information by passively reflecting the primary signals [25]], [26]. To
enable the practical applications of the SR paradigm, the parasitic SR and commensal SR (CSR) setups
were proposed in and [26], where the relationship between primary and secondary transmissions
was revealed. However, the conventional SR system generally suffers from the poor system performance
due to the low communication efficiency of backscattering devices. To break this bottleneck, the RIS
enabled SR transmission is considered as a promising technology to achieve satisfying spectrum and
energy efficiencies, and thus motivates the wide investigations in the literature [27]-[34]. In and
[28], a spatial modulation scheme was implemented at the reflection-only RIS to enhance the primary
transmission and build the secondary transmission in the single-user single-input multiple-output (SIMO)
and multi-user MIMO systems, respectively. In [29], the authors proposed a novel reflection pattern
modulation scheme for the reflection-only RIS, where a part of elements was activated for constructing
a passive beamforming for performance enhancement, and the selection of the ON-state elements was

utilized to modulate its own information. In [30], the CSR setup was investigated for reflection-only RIS
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enabled MIMO systems, in which the duration of secondary transmission is much larger than that of
the primary transmission and the mutualism relationship between the two types of transmissions can be
achieved. The scenario in was further extended to a general scenario with multiple primary users
(PUs) in [31]. In and [33]], multiple reflection-only RISs were utilized for achieving simultaneous
primary and secondary transmissions. In [34]], the authors analyzed the capacity of reflection-only RIS
aided MIMO SR systems, in which the reflection patterns followed a non-uniform and discrete distribution
for capacity enhancement and additional information delivery.

In most of current works, e.g., [27]-[34], the RIS deployed in SR systems was limited to the reflection-
only RIS. Under this setup, the PUs and secondary users (SUs) have to be deployed on the same side of
the RIS, which may not be flexible for network deployment in practice. However, this deployment cannot
be achieved by implementing the reflection-only RIS, which motivates our investigation on STAR-RIS
enabled SR systems. To the best of our knowledge, it is worth noting that no works have investigated
STAR-RIS enabled SR systems yet.

In this paper, we study a STAR-RIS enabled SR system for guaranteeing a more flexible network
deployment. Specifically, the BS and multiple PUs are distributed on the same side of STAR-RIS, while
the SUs are located on another side. The STAR-RIS is deployed to assist both the primary transmission
from the BS to multiple PUs and achieve its own information delivery to the SUs. We consider two
practical signal models for the primary transmission, i.e., broadcasting signal model and unicasting signal
model. For the broadcasting signal model, the BS transmits common information to all PUs. While, the
independent information is transmitted to each PU for the unicasting signal model. For each model, we
aim to minimize the transmit power at the BS by optimizing the active beamforming at the BS and the
reflection and transmission coefficients at the STAR-RIS under the practical phase correlation constraints
[33]]. Unlike [27]-[34], the implementation of STAR-RIS results in the joint design of reflection and
transmission coefficients, and thus the methods proposed in [27]-[34] are inappropriate for the considered
problems in this work. Moreover, the imperfect successive interference cancellation (SIC) is considered
at the SUs, which can avoid the design mismatch caused by the perfect SIC assumption as in [27]-[34]].
Furthermore, different from [17]-[22]], the tradeoff between the quality of service (QoS) requirements
at the PUs and SUs poses a new challenge to our work, especially for the unicasting signal model.
Alternatively, our formulated problems are more hard to solve due to the combination of challenges faced

by [17]-[22] and [27]-[34]]. The main contributions of this paper are summarized as follows:
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o We propose a STAR-RIS enabled transmission scheme for SR systems to improve the system
communication efficiency and achieve the full space coverage. Specifically, the STAR-RIS is utilized
not only to enhance the primary transmission by beaming the desired signals from the BS towards
the PUs, but also as a secondary transmitter to realize the secondary information transmission to the
SUs by modulating the primary signal. To meet different application requirements, we consider both
broadcasting signal model and unicasting signal model for the primary transmission. Moreover, we
take into account the imperfect SIC for signal decoding at the SUs.

o We first investigate the transmit power minimization problem for the BS in the broadcasting signal
model. To address the challenge caused by the coupled variables, we propose a block coordinate
descent (BCD) based algorithm, which decomposes the original problem into two sub-problems. For
the sub-problem of the active beamforming optimization, the optimal solution can be obtained by
transforming the original sub-problem into a convex semi-definite program (SDP) problem. For the
sub-problem of reflection and transmission coefficients optimization, we propose to use the penalty
dual decomposition (PDD) and successive convex approximation (SCA) methods to derive a near-
optimal solution.

o We then minimize the transmit power at the BS for the unicasting signal model, which is much
challenging to solve due to the increased variables and complex constraints. To solve this problem
efficiently, we extend the proposed algorithm for the broadcasting signal model. Specifically, we
reformulate the active beamforming sub-problem by exploiting a diagonal matrix structure for in-
dependent primary signal transmissions and prove that the rank of the optimal solution obtained is
equal to the number of PUs. While, the PDD and SCA methods are also used to find the solution of
the reflection and transmission coefficients.

o Through numerical results, we confirm the convergence efficiency of the proposed BCD based
algorithm and show the impact of the phase correlation constraints on the design of phase shifts.
Then, we demonstrate that the proposed STAR-RIS enabled scheme can reduce up to 150.6% transmit
power at the BS compared to the baseline schemes.

The rest of this paper is organized as follows. In Section [, we describe the STAR-RIS enabled

SR system model. The transmit power minimization problem formulation and solving process for the
broadcasting signal model and the unicasting signal model are presented in Section [IIl and Section IV]

respectively. Numerical results are demonstrated in Section [V] to confirm the effectiveness of the proposed
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scheme. Section [Vl concludes this paper.

II. SYSTEM MODEL

As shown in Fig. [I we consider a STAR-RIS aided SR communication system, which consists of one
BS with N antennas, K single-antenna PUs, () single-antenna SUs, and one STAR-RIS with M elements.
We consider that the BS and K PUs are located in the reflection region of the STAR-RIS, while the SUs
are located in the transmission regionﬂ This is a practical scenario where the STAR-RIS is embedded
on the surface of a building for supporting the outdoor and indoor transmissions. For example, the PUs
and SUs can be logistics devices in the outdoor and smart home controllers in the indoor, respectively. In
this scenario, the STAR-RIS is used to enhance the outdoor transmission (i.e., primary transmission) from
the BS to the PUs for updating the information of recipients by exploiting its reflection characteristic,
and at the same time to establish the indoor transmission (i.e., secondary transmission) to deliver the
environmental information to the SUs for controlling smart home equipment. We consider the CSR setup
for achieving mutualistic mechanism between the primary and secondary transmissions. Let 75 and 7. be
the periods of the primary and secondary signals. In the CSR setup, the secondary symbol period is a
great many times that of the primary symbol period, i.e., T, = LT,, where L > 1 [26]].

Let C={1,...,K}, @Q={1,...,Q} and M = {1,..., M} represent the set of PUs, the set of SUs
and the set of STAR-RIS elements, respectively. We denote h!/, € CN, bl € C"*" and F € CM*V
as the complex baseband equivalent channels from the BS to the k-th PU, from the BS to the ¢-th
SU, and from the BS to the STAR-RIS, respectively, where k£ € K and ¢ € Q. The complex baseband
equivalent channels from the STAR-RIS to the k-th PU and from the STAR-RIS to the ¢-th SU are
denoted by g/, € C"* and g/ € C"", respectively. Similar to and [30], we consider that
the channels follow the quasi-static fading, in which the CSI is invariable during one secondary symbol
period. Specifically, the related CSI can be obtained by using the methods proposed in and [36]

before information transmissions.

A. Energy Splitting Protocol for STAR-RIS

We consider that the practical energy splitting (ES) operating protocol [13] is adopted. Based on this
protocol, each element of the STAR-RIS splits its received signal into reflected signal and transmitted

'The system model can be extended to the scenario that the PUs and SUs are on both sides of the STAR-RIS, and the proposed algorithms
in this paper are still applicable.
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Fig. 1. A STAR-RIS enabled SR communication system.

signal by controlling the ES factors, i.e., the reflection coefficient and transmission coefficient [[17], which
is reconfigured by adjusting each element’s electric and magnetic currents [135]. Let v/ = \/@eﬁfn
and v} = \/@eﬁfn represent the reflection coefficient and transmission coefficient of the m-th element
of STAR-RIS, respectively. \/3:, € [0,1] and /3%, € [0,1] are the amplitude coefficients of the m-th
element for reflection and transmission, respectively. 67 € [0, 27) and ¢!, € [0, 27) are the corresponding
phase shifts of the m-th element. According to [33] and [38]], it is known that the reflection coefficients

and transmission coefficients of the STAR-RIS need to satisfy the following constraints

B+ B =1, me M, o))

cos(07 —0' ) =0, me M. 2)

For the primary transmission, we consider two signal transmission models, i.e., the broadcasting signal
model and the unicasting signal model. For the broadcasting signal model, the BS transmits a common
data stream to all the PUs, a typical application of which is the TV service. For the unicasting signal

model, the BS transmits an independent signal to each PU for supporting diversified service requirements.

B. Broadcasting Signal Model

In the broadcasting signal model, we denote the common primary symbol as s(l), where s(l) ~
CN(0,1),1 € L, and £ = {1,...,L} is the set of all primary symbols in a secondary symbol period.
Considering the passive characteristic of the STAR-RIS, the binary phase shift keying (BPSK) scheme is
adopted to modulate the secondary symbol, which is denoted by ¢ and achieved by adjusting the phase
shifts1 Thus, we have ¢ € {1, —1} [30], [33]. Let w be the active beamforming vector at the BS, and

21t is worth noting that the STAR-RIS does not need to generate symbols actively for the secondary transmission [27]—-[34].
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the transmitted primary signal at the BS can be expressed as ws((). Then, the received signal at the k-th

PU during the secondary symbol period can be expressed as
uiin () = hyws() + 6,40, Fws(l)e + z,.(1), k€ K, 3)

where 2, ;(l) ~ CN(0,07,) is the additive Gaussian white noise (AWGN) at the k-th PU, and ©, =
diag(v,) is the reflection coefficient matrix with v, = [v], ... ,v}‘vj]TE

In the CSR setup, s() can be regarded as being transmitted through the equivalent channel hgk +
gﬁkGTFc [26]. From (), the signal-to-noise-ratio (SNR) for decoding s(I) at the k-th PU is given by
Yosr(c) = |hw +gﬁk@erc‘2/a§,k,k € K, which is a function with respect to c¢. If L > 1, the

achievable rate of s(l) at the k-th PU in the broadcasting signal model can be approximately expressed

as 301, [39]

1 2
Ry} = B logy (1 +7,(e))] = 5 logy(1+ [hjfw + 9,10, Fuwl*/o} 1)

1 2
+3 logy(1 + |h)w — g2, ©, Fw|"/a2,), k € K. 4)

By exploiting the characteristic of the STAR-RIS, the signal received by the ¢-th SU is written as

uo) (1) = hLws(l) + g7 O Fws(l)c+ z,(1), q € Q, )
where ©, = diag(v;) is the transmission coefficient matrix with v, = [, ..., v},]7, 2 4(l) ~ CN (0,02 )

is the AWGN at the ¢-th SU. Similar to (@), the achievable rate for decoding s(/) at the g-th SU in the

broadcasting signal model is approximately expressed as

87q

s 1 2 1 2
R;g =5 log, (1 + ‘hqu —I—quGtFw‘ /O‘iq) + 3 log, (1 + ‘hH w — gqutFw‘ /aiq), ge Q. (6)

Under the condition that each SU can decode s(l) successfully, the SIC technique is then adopted to
remove the first term of @), i.e., hqus(l). Considering the imperfect SIC, the first term of (3)) related
with s(/) may not be removed completely. Thus, the intermediate signal in the secondary symbol period

over L primary symbols, denoted by 9y, = [Up.4(1), 96.4(2), - - -, Unq(L)]7, is expressed as

U = g O Fwsc+ 8, + 2,4, q € Q, (7)

3 According to [37]], the impact of the imperfect synchronization on the detection performance in the CSR setup is slight. Thus, similar to
[30]-[34]], we consider the perfect synchronization between the direct links and STAR-RIS related links.
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where s = [s(1),5(2),...,s(L)]", 8, = [8,(1),5,(2),...,5,(L)]", 54(1) ~ CN(0,pu|RH, \ is the
residual interference caused by the imperfect SIC, p € [0, 1] is the imperfect SIC coefficient [40], and
Zsq = [2s.4(1), 25.4(2), . . ., 254(L)]*. By applying the MRC technique to decode c [30], the corresponding
signal-to-interference-plus-noise-ratio (SINR) at the g-th SU in the broadcasting signal model is approxi-

mately formulated as
o = L]l 0Fw]*/(u |kl w| +02,), q€Q, ®)
where L > 1.

C. Unicasting Signal Model

In the unicasting signal model, the BS simultaneously transmits independent signals to all PUs. Let
wy, and s (1) represent the active beamforming vector and desired signal for k-th PU. The superimposed
signal at the BS is expressed as 22{:1 wy.sk(1). Then, the received signal at the k-th PU from the BS is

formulated as
K K
y (1) = hlhasi(D) + g0, Fwsi(e+ Y hlawsi() + Y gih©, Fwis;(l)c+ z,,(1). (9)
i=1,i#k i=1,i#k
The first two terms of (9)) represent the desired part for the k-th PU, while the third and fourth terms

correspond to the interference. From (9), the SINR for decoding s (1) at the k-th PU is given by

‘hp ywr, + 92,0, F'wkc‘

- . ke K. (10)
S “#\hpsz\ +Zz‘:1,z¢k ‘gp,k@eri‘ +opk

Similar to @), the achievable rate of the k-th PU in the unicasting signal model is approximately as

‘th'wk + gngTka‘2

Ez 1,ik ‘h’p kwl‘ + Zfil,i;ﬁk ‘g;fk@TFwi‘z + ok
‘hp Wk — gp7k®,1F'wk‘2

1
RfiZEch%ﬂ1+v$ﬂ@ﬂ==§k%ﬂl+ )

1
+ —log, (1 +

ke k. (11)
K 2 )’
2 Zi:l,i;ﬁk ‘hp,kwi‘ + Zi:l,i;ﬁk ‘Q;z];{k@eri‘ + Uﬁ,k

The received signal at the ¢g-th SU in the unicasting signal model is formulated as

yu q Z h’ 'I.UkSk _'_ ng thkaSk(l)c _'_ Zs q( )7 q c Q (12)

k=1 k=1
It is known that all the SUs aims to decode the secondary signal c. However, before that, the decoding of

sk (1) is necessary. To achieve this goal, the SIC technique is again adopted. According to and [41]],
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the decoding order of the primary signals in (I2)) can be determined by their corresponding channel gains.
In particular, the primary signal with the largest channel gain will be decoded first. Then, the successfully
decoded signal is removed from (I2). Considering the imperfect SIC, the first term of (I2)) related with
the previously decoded signal is not eliminated completely. Then, the signal with the largest channel
gain in the next round is decoded by taking into account the residual interference and noise. The above
process ends when all signals are decoded. Without loss of generality, we consider that s;(l) is decoded
before s,(l), where i < j. The SINR for decoding s;(() at the ¢-th SU in the unicasting signal model is

formulated as

. h wy + gt ©,Fwc 2
Vo) = — L z | , kek, qe Q, (13)

~ 2 K 2
Zi:l,i;ﬁk i hngi} + Zi:Li;ﬁk }gqutFwi} +03,
~ ,MZ,Z <k . . . .
where [i; = , p; € [0,1] is the imperfect SIC coefficient. Based on (I3), the achievable rate
1, 1>k

of decoding s (1) at the ¢-th SU in the unicasting signal model is written as (I4)), which is given by

}hgq'wk + gqutkaf

s s 1
R\ =, [logy(1+92(e))| = 5 logo(1+ — )

N 2 2
2 Zi:1,i¢k(m hfq’wi} + ‘gqutFwi‘ ) +o2,
1 h wy — g 0, Fuw,|”
Zi:l,i;ﬁk(:ui h’s,qwi‘ + ‘gs,thFwi‘ )+ 087(])

Under the condition that each SU can decode all the primary signals, the remaining intermediate signal

at the ¢-th SU is recast as
K
Guq(l) = Z gl O Fwysi(l)c+ 54(1) + z.4(1), q € Q, (15)
k=1
where $,(1) ~ CN (0, Zszl i ‘hquk}z) is the residual interference caused by the imperfect SIC. Similar
to (8], the SINR for decoding ¢ at the ¢g-th SU in the unicasting signal model is formulated as

L 2119{21 ‘gqutka‘2
Yu,q =

= —* .
D ket Mk }hngk‘ + 03,

, g€ Q. (16)

III. TRANSMIT POWER MINIMIZATION FOR BROADCASTING SIGNAL MODEL

For the broadcasting signal model, we investigate the minimization problem of the transmit power at the

BS by considering the joint design of the active beamforming at the BS and the reflection and transmission
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coefficients at the STAR-RIS. Let R min and 7y, min represent the minimum achievable rate requirement
of decoding s () and the minimum SNR requirement for decoding ¢ for the broadcasting signal model,

respectively. Then, the optimization problem for this model is formulated as

min ||'w||2
w, v,V

s.t. Cl: Rl(,p,z > Rymin, k €K,

C2: RY") > Rymin, q € Q,

C3: Z miny ¢ € Q7
Vo,q Yo, (Pl)
C4:0< 8,8 <1, meM,

C5:0<6" .0 <2, me M,

C6: B, + B, =1, me M,
C7: cos(0, —0') =0, me M.

In P1, C1 and C2 indicate that the achievable rate of decoding sy (/) should satisfy the QoS constraint,
C3 represents the QoS constraint of decoding c at the SUs, C4 and C6 limit the value range of the
reflection and transmission amplitude coefficients, C5 is the constraint on the phase shifts of reflection
and transmission, and C7 is the phase correlation constraint.

It is straightforward to find that P1 is a non-convex problem due to the coupling of variables (i.e.,
w, v,, and v; ) in the constraints C1, C2 and C3. In addition, the coupling amplitude and phase shift
constraints shown in C6 and C7 make the solving of P1 more challenging. Generally, it is very hard to
obtain the globally optimal solution to P1 due to its non-convexity. It is known that the BCD framework
is a promising way to address the non-convexity and can guarantee a near-optimal solution by alternately
solving several convex sub-problems derived from the originally non-convex problem. Thus, we propose
a BCD based algorithm to solve P1, based on which we decompose the variables into two blocks, i.e.,
{w} and {v,,v;}, and optimize them iteratively in an alternating manner. Specifically, the optimal active
beamforming (i.e., {w}) can be found by transforming the original problem into a semi-definite program
(SDP). While, for the sub-problem of optimizing the reflection and transmission coefficients (i.e., {v,., v; }),
the PDD framework with the SCA technique is utilized. Based on this framework, the sub-problem
is transformed into an augmented Lagrangian problem by considering the penalty term, for which the

variables and introduced penalty factor are also iteratively optimized until the convergence is achieved.
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A. Active Beamforming Optimization

In this subsection, we first focus on the optimization of active beamforming with v, and v, being fixed.
The sub-problem for optimizing the active beamforming is given by
min  [jw||?
s P2)
s.t. Cl1, C2, C3.

To address the non-convexity of P2, we first transform its objective function into a tractable form by
letting W = ww!’ € CV*N, where W is a semi-definite matrix with Rank(W') = 1. To make the
constraints concise, let ef’, = hll, + g/ ©,F, e}, = hll, — g ©,F, € = hl' +g”©,F, and
_H = hH -g, q@tF Based on these auxiliary variables, we further let E; j, = e; el e B = € ke2 k>
El,q =e et By =22, R, = (g7 ©,F)" (gl ©,F), and H, = h, h! . By using the auxiliary

variables and applying the SDR technique, P2 can be transformed into a convex SDP as

min  Tr(W)
W
_ EZ w
s.t. Cl: z:log2 ok )) > 2Ry min, k€K,
p,k
__ E
C2: Zlog2 1+ W)) > 2Ry min, ¢ € Q, (P2.1)
q
— LTr(R W)
C3 > min )
pTr(HW) + 02, — ™, ¢€Q
C8: W = 0.

P2.1 can be solved by using the CVX [42]. According to [43], we can prove that the optimal solution
to P2.1, denoted by W*, is always rank-one. From this observation, we find that the optimal solution to
P2 can be obtained by solving P2.1. By applying the singular value decomposition (SVD) of W*, we
can finally derive the optimal active beamforming w* to P2. Moreover, this observation implies that the
BS beams the transmitted signal to all the PUs towards a desired direction, which can guarantee the QoS

constraints at the PUs and SUs and results in the minimum transmit power consumption at the BS.
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B. Reflection and Transmission Coefficients Optimization
After obtaining the optimal active beamforming w?*, the sub-problem for optimizing the reflection and

transmission coefficients derived from P1 is expressed as

Find {v,, v} 3

s.t. C1—-CT.

It is difficult to solve P3 due to the coupled amplitude and phase shift constraints. According to [38]],

auxiliary variables v, and ©; can be introduced to tackle this challenge, where v, = [o],...,0%,]7,
o, = [0t,...,04,)7, o =/ Br.et%, and & = /Bt e m € M. Then, P3 can be formulated as
Find {v,, v, 0., 0:}
s.t. Cl —C6,
C9: ’Dr = U, ’Dt = Uy, (P3.1)

C10: f7 4+ Bt =1, me M,

Cll: cos(d, —6') =0, m e M.
In P3.1, the constraints C9-C11 are introduced to guarantee that the coupling phase shifts are satisfied.
To handle the equality constraint C9, the PDD framework is utilized. Specifically, the penalty term
associated with C9 is added as the objective function, based on which P3.1 is transformed as

: 1 .
min =~ — Z 1D, — v, + pA|?

Vr,Vt,Vr, Ut 2p
vef{rt}

s.t. Cl — C6, (P3.2)

Cl10: 67, + 3. =1, me M,
Cl1: cos(d), — 0! ) =0, m e M,

where p is a nonnegative penalty factor, A, represents the Lagrangian dual variables related to C9,
and ¢+ € {r,t}. It is known that if p — 0, we set the objective function to be zero to guarantee that
C9 is satisfied. According to [44], the alternating update of {v,,v;,0,,0;}, A,, and p will lead to the
Karush—Kuhn—Tucker (KKT) conditions, based on which the optimal solution can be obtained. For the
optimization of {v,, v, ¥,, v, }, P3.2 can be divided into two sub-problems associated with {v,,v;} and

{0,, v, }, respectively.
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1) Optimization of {v,,v;}: Given v, vy, p, and A, ¢ € {r,t}, the sub-problem of optimizing {v,, v}

derived from P3.2 is written as

min Z 19, — v, + pA.||?
mve 2P o (P3.3)

s.t. Cl1 —Ce6.

To make the expressions concise, we let g/, ©, Fw = g/, diag(Fw)v, and g/ ©,Fw = g! diag(Fw)v,
It is known that Rl(f ,2 in the constraint C1 with respect to v, (i.e., ©,) is non-convex. To deal with this

issue, we approximate Rl(f ,2 into a convex function by exploiting its lower-bound, which is approximated

as
w1 dpd!y + 2R{d e 1 v} + |7 kvr |2 2R{(v,(«x))Hrp7kr£{k(vr — o)}
Rb,k > 2 log, (1 + 2 + o2 ) (17)
p.k p.k
1 dppd, — 2R{d" v v, } + |r o' IR (v\")Hy xri (v, — ™ _
Ly et =Rttt ) el 9RAE rpartton =)
p.k p.k

where d,,, = h[L w, rl', = g diag(Fw), and v") is a feasible point of v, in the z-th iteration of the

SCA method. It can be found that E(f,z is a concave function of v,.

Similarly, the lower-bound expressions of Rl(ai; and 7 , are respectively given by

o 1 dsqd?, + 2R{dI v v} +|rl o2 R{(W)r, (v, — v
K> Do + it et R oo
o2 o2,
1 dsqd, — 2R{dl v v} + |r] D12 2R{ (), o (v, — ) s
+§10g2(1+ 4 { q2 g t} | | + {( t ) ,qz ,q( t t )})éRI()’;7
US,q as,q
L ", (@)2 L (@\H,, H
2——— R s , 19
Voq Z q_'_o_ ‘Ts,qvt | + Xq_'_o-g,q {(Ut ) r ,qr ( )} fybq ( )

where dy, = bl w, v = gl diag(Fw), xq = pTr(H,W), and v is a feasible point of v, in the z-th
iteration of the SCA method.

Moreover, in order to improve the convergence performance, a residual variable vector, denoted by
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a=|ay,...,ax90]", is introduced. Then, P3.3 can be rewritten as
K+2Q 1
. - 2
vfI}UltI’la — Z oy, + % Z |o, — v, + pA.||
k=1 ve{r,t}

S.t. :1 : Rl(flz > Ry min + 0, ke K,

_ (P3.4)
C2: Rb7q > Rb,min + QK+4q,4 € Q,

C3: Tb,q > “Yb,min + AR +Q+¢q: 4 € Q,
C12: |of |+ |0t | =1,m € M.

As P3.4 is convex, the CVX tool can be utilized to solve it.
2) Optimization of {v,, v;}: With the fixed v,, v, p, and A, ¢ € {r, t}, the sub-problem for optimizing

{0,,v,} is formulated as
min - > |8, — v, + pA,|

orvt ve{r,t}
s.t. Cl10: g7 + L =1, me M, (P3.5)

Cl11: cos(67, —6') =0, me M.

It is found that P3.5 is non-convex due to the coupled amplitude and phase shift constraints. However,
this limitation can be overcome by optimizing the amplitude coefficients and phase shifts in an alternating
manner. Denote 3, = [\/BT{ - \/@]T and @, = [e/% .. 19T, where 3, is the amplitude vector, @,
is the phase shift vector, and © € {r,t}. Then, we have ¥, = diag(8,)p, = diag(,)8,,¢ € {r,t}. Under

the condition that the constraint C10 holds, we first reformulate the objective function as

Z |0, — v, + pALHZ = Z o, + SOLHZ = Z (’DLI{,{)L + QOLHSOL + QR{(PLH,{)L})

ve{rt} ve{rt} ve{rt}
— N+ Z o, + Z 2R{ ! diag(8,). }, (20)
vef{r,t} ve{r,t}

where ¢, = pA, — v,. It is observed that only the third term of (20) is with respect to BL and ¢,. Thus,

P3.5 can be reduced as
Cmin > R{p/ diag(B,)5,}
Oriueret ety (P3.6)

s.t. C10, CI1.

According to [38]], the solution to P3.6 can be derived from Proposition [l and Proposition
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Proposition 1. Ler v, = diag(BLH)goL = [y, ... 04", 0 € {r t}. Given the amplitude vectors, the

optimal phase shifts for m € M are given by

—_

=7 —arg(Yl, + jut,), (01)" =0, + =, 1)

~ * ~ *

(Or,) = —arg(dhy, = jiy,), (0;,)

— DN

=0 — - (22)

[\)

As there are two solutions for the optimal phase shifts, one of which leading to a smaller value of the

objective function is finally chosen.

Proposition 2. Let 9, = diag(¢ ), = [0},.... 0y)" 1 € {r,t}, aj, = R{D,,}, d!, = R{U,,}, and
Em = sgn(al)) x arccos(%). Given the phase shifts, the optimal amplitude coefficients for

m € M are given by

(Bp)* = sin(wm), \/ (BL,)* = cos(wm), (23)
where A ‘ )
- §7T - gm? lf gm € [_71-7 _57‘-)7
_ . 1 1
Wm = 0? lf gm € [_571-7 Eﬂ-)v (24)
1
—T, else.
\ 2

The proof of Proposition [l and Proposition 2] can be found in and thus omitted here for simplicity.
By alternating updating the optimal amplitude coefficients and phase shifts in Proposition Il and Proposition

2l we can finally obtain a near-optimal solution of P3.6.

C. Updating A, and p

With the obtained {v,,v;, v,, v, }, we proceed to update A, and p. Specifically, A, is updated by
1, .
A=A+-(0,—v,),te€{rt} (25)
p

From (23), it is found that the update of X, is controlled by the violation with respect to the constraint

C9 and the plenty factor. Then, p is updated by

p = cp, (26)
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where 0 < ¢ < 1 denotes the step size. From (26), it is known that the plenty factor is gradually decreased

with the number of iterations as to balance the convergence speed and solving accuracy.

D. Algorithm Summary and Analysis

The proposed BCD-based algorithm for solving P1 is summarized in Algorithm [1I It is found that the
transmit power is non-increasing after each iteration, which can be proved in a similar way as that in [45]].
Thus, the value of the objective function in P1 will converge to a stationary point. Then, we analyze the
computational complexity of Algorithm[Il According to [46]], the complexities of solving P2.1 and P3.4 are
O(VK +2Q + Nlog(2) - (ni (K +2Q+ N*)+n(K +2Q+ N?)+nj)) and O(y/2K + 4Q + 2M log(*)-
(no(2K +4Q) + n3(2K +4Q) + no(4M) + n3)), respectively, where n; = N? and ny = 2M + K + 2Q).

Therefore, the overall computational complexity of Algorithm [Mis O(11/o/K + 2Q + Nlog(2) - (ni (K +
2Q + N?) +n}(K 42Q + N?) +n3) + I [LI31/2K + 4Q + 2M log (%) - (na(2K 4 4Q) +n3(2K +4Q) +

no(4M) + n3)), where I; is the outer iteration number for updating A, and p, I, is the inner iteration
number for the proposed BCD algorithm, /3 is the iteration number for solving P3.4 by using the SCA

method, respectively.

IV. TRANSMIT POWER MINIMIZATION FOR UNICASTING SIGNAL MODEL

In this section, we continue to minimize the transmit power at the BS in the unicasting signal model.
To achieve this goal, we also focus on designing the active beamforming at the BS and the reflection and
transmission coefficients at the STAR-RIS. The optimization problem in the unicasting signal model is

formulated as
K
min Y [|wg”
Wi ,Vr,Vt
k=1

st. C13: RY) > Ry i, k € K,

P4
u,min k € IC, qc Q7 ( )

Cl4: R¥) > R
Cl15: Yu,q Z “Yu,min, ¢ € Q7
C4, C5, Co, C7.

In P4, R, min and 7, min denote the minimum achievable rate and SNR requirements for decoding s (/) and

c for the unicasting signal model, respectively. It is worth noting that compared to P1, it is more challenging

to solve P4 due to the following aspects. Firstly, unlike the broadcasting signal model, the constraint C14
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Algorithm 1 The BCD based Algorithm for Problem P1
1: Initialization: transmission and reflection beamforming vector v,, convergence tolerance e, outer

iteration index ¢; = 0, inner iteration index ¢, = 0, SCA iteration index x, the maximum violation
value n =10,¢=0.1, A, =0, and p = 1.

2: repeat

3: ti =1t + 1.

4:  repeat

5: t2:t2+1andx:0.

6: Update w®2) by solving P2.1.

7: repeat

8: r=ux+1.

9: Obtain v!” and v\” by solving P3.4.

10: until the decrease of the objective function value in P3.4 is below e.
11: Update v\ = v{") and v = v*.

12: Update ¢, and ¢, by Proposition [Il

13: Update (3, and (3; by Proposition 2

14:  until the decrease of the objective function value in P1 is below e.

15:  Update the constraint violation value 6 by implementing § = max{||9, — V||, [|0: — V¢||o0 }-
16:  if 0 <17 then

17: A=A+ %('EL —v,), L€ {rt}.

18:  else

19: p = cCp.

20:  end if

21: n=0.99.

22: until ¢ is below e.

for k£ € K needs to be satisfied to ensure that all the primary signals are successfully decoded at the ¢-th
SU. Secondly, the mutual interference between the independent primary signals makes the constraints
C13 and C14 more challenging. To deal with the above difficulties, we extend the proposed BCD-based
algorithm in Section [[IIl to solve P4, based on which {w} and {v,,v;} are also optimized in an alternating
manner. Specifically, for the sub-problem of optimizing {w}, we exploit the diagonal matrix structure for
independent primary signal transmissions and transform the original sub-problem into a convex SDP. For

the optimization of {v,, v;}, the PDD framework with the SCA technique is also applied.

A. Active Beamforming Optimization

In this subsection, we find the optimal design of the active beamforming vectors at the BS with the

fixed coefficients of the STAR-RIS by solving the following problem

K
min Y [lwyl?
Wi

k=1

s.t. Cl13, Cl4, CI5.

(P3)
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It is worth noting that the joint optimization of multiple active beamforming matrices at the BS is
challenging and the methods proposed in [27]-[34] and cannot be utilized here directly. To solve PS
efficiently, we also exploit the SDR method to solve PS. Let W), = 'wk'wf € CN*N_which is a rank-one
semi-definite matrix, i.e., Wy, = 0 and Rank(W},) = 1,k € K. Then, we construct a block diagonal matrix

W, which is defined as

Wi Onxny -+ Ownxn
0 W, --- 0
W =BDig({W,}i )= | 7 T T 27)
Onvxn Onxn - Wk

where BlDiag({ X} ) denotes the block diagonal operation of { X} }X . It is straightforward to find

that W is also a semi-definite matrix, the rank of which is equal to K. Similarly, to make the con-

straints concise, the following variables are first introduced: d,) = [0%,....hZ ... OF]7, dy) =
0%, ..., h ... 0§, rpp = [0F,...,g) O, F,... 05", and 7y = [0,..., gl ©.F, . .. 0F]".

Then, let Hyy = (dyy + 7px)(dpi + 7o), Hop = (dpr — 7pi)(dpr — mpi)?, Higr = (dys +
Tok) (dok + 7o), Hogr = (dgr —Tqr)(dgr —Tor)™, Dy = BIDiag({hyh!, } ) — by ch Dy =
Zfil,i;ﬁk ﬂi(aq,iai‘)’ Ry, = BlDiag({(ggk@rF)H(gﬁk@rF)}fil) - ”“p7k7“gk’ Rq,k = Zfil,i;ék(F%iFé{i)’
R, = Ziﬁl(FqJF;{i), and H, = Y%y, (Eq,ﬂi). Note that BlDiag({X}}X ) denotes a block diagonal
matrix in which all the diagonal matrices are X. Based on the introduced variables above, the constraints

C13-15 can be respectively reformulated as

% logy(Tr(B1 kW) + 02 ,) + % logy(Tr(Bo kW) + 0 )

— log,y(Tr(Bs ;W) + 024) = Rumin, k € K, (28)
%bgz(Tf(El,q,kW) +og,)+ %bgz(Tf(Ez,q,kW) +o3,)

— log,y(Tr(Bs, ¢ W) + 02,) > Rumin, k€K, q € Q, (29)

CI5 : Tt((LRy — YuminH )W) > 02 Yuumins 4 € O, (30)

where By = H,; + B3y, By = Hyy + Bsy, By, = Dy, + Ry, §1,q,k = HLq,k + E&q,k’ §2,q,k =
H,, )+ Bj,x and By, = D, + R, ;. However, P5 is still intractable after the above transformations

due to the difference of convex functions. To address this challenge, we can transform the constraints



IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING 20

C13 and C14 into a convex form by exploiting their corresponding lower-bounds. Specifically, at any
feasible point W *), the lower-bounds of (28) and [@9) by exploiting the first-order Taylor approximation

are respectively given by

@)

1
13 :=log,(Tr(B1 ;W) + 02.,.) + 5 logy(Tr(B W) + 02.,.)

Tr(Bs (W — W®)
r( By ) > Ry 31)
(Tr(B3 W @) +02,)In2

.1
2
— logz(Tr(BMW(x)) + U%k) -

p

(@
N | —

— 1 —
14 :=log,(Tr(B1,4 W) + 02,,) + 5 logy(Tr(B2,, W) + 02 )

Tr(Bs (W — W®))
3

— logy(Tr(Bs o ;W @) + 02 ) — (
Og2( ( 3,4,k ) Us,q) (TI'(B

Z Ru,min- (32)
,q,kW(I)) + 0’37(]) hl 2

Then, by relaxing the rank-K constraint on W and using C13-C15, PS is reformulated as

min  Tr(W)
w (P5.1)
s.t. C13, Cl4, CI5.

It can be found that P5.1 is convex, which thus can be solved by implementing the CVX tool.

Proposition 3. The optimal solution to P5.1 in the x-th iteration, denoted by W@V is expressed as
W) = BiDiag ({Wi e, , (33)

where W' is a rank-one matrix for any k € K, and the rank of W@+ is K.

Proof. Please refer to Appendix [Al O

Proposition [3| reveals that relaxing the rank-/ constraint on W will not affect the solution accuracy
when solving P5.1. Then, we have W} = wjw;", where wj} is the optimal solution to P5 in the z-th
iteration. By iteratively solving PS.1 to update w;,, we can finally derive the near-optimal design of active

beamforming vectors at the BS when the convergence is achieved.

B. Reflection and Transmission Coefficients Optimization

With the active beamforming vectors obtained in Section [V-A] we proceed to find the solution of the
reflection and transmission coefficients by solving P6, which is formulated as
Find {v,, v}

(P6)
s.t. C4—C7, C13—-ClI5.
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It should be noted that P6 can be solved by applying the method used in Section [II-Bl Similarly, v, and
v, are introduced to deal with the constraint C7, and P6 is then recast as
Find {v,, v, 0,, 0; }

(P6.1)
st. C4—C6, C9—Cl1, CI3 —ClI5.

To solve P6.1 efficiently, the PDD and Lagrangian dual methods are also applied. Specifically, the solution
of {v,,v,;} and {v,,v;} in P6.1 can be derived by solving the sub-problems defined in P3.5 and P6.2,
respectively. As the solving process of {9,,¥;} has been discussed in Section [II-Bl we focus on solving
P6.2 formulated as follows

K(Q+1)+Q

) - 1 .
P SR S LY

k=1 ve{r,t}
st. CI13: R®) > Ryin + . k €K, (P6.2)
aZL:Réf,iszm%—aqKM,kelC q € Q,

Cl5: Vu,q > “Vu,min + dK(Q+1)+q> qc Qa C12>

where & = [ay, .. . ,dK(Q+1)+Q] is the residual variable vector. Let dj ; = hp Jw;, P =G, I diag( Fw;),
qu = hll wy, vl = gl diag(Fwy), ¢, = Te(DyW), ¢qp = Tr(D, W), R, = Zfiu#k("“k,ﬂ“lgi)’
R, = Zf{l ik (g i), R, = Y8 (7, i), and x, = Tr(H,W). Then, the left-hand sides of the

constraints C13 — C15 are respectively recast as

1 PSP | o

Rup = 5 1oga(1 + [anel”/be) + 5 loga (14 lasl*/by), k€ K, (34)
1 . . 1 ) 3

quk = 2 10g2(1 + |a17q7k|2/bq,k) + B Ing(l + |a2,q,k|2/bq7k)> ke, qe Q, (35)

Yug = L0 Ryvy) /(X + 02,), q € Q, (36)

Ao ] nH Ao ] o H h, — & Hp 2 = - J ~H
where ayp = d]%k + T pUrs A2k = dk,k = ThiVUrs b, = ¢, + v, Ryv, + Opi> Qg = dq7k -+ Ty kUt
Gg,qk = dgp — vy, and by p = G + v Ry v, + 02, Since (34), (33) and B6) are all non-convex,

which results in the challenge of solving P6.2. To transform P6.2 into a convex one, we also exploit the



IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING 22

lower-bounds of (34), (33) and (36), which are respectively given by

e VAU v v 42 v S v U Y 0 B L
k — 7 (x 7 (x 7 (x T T
2In2 oy b 06 + 1) b
ClaSP 2R{(@S) Tans} a5k + laskl®) | 4~
) ") S @) - R KEK, (37)
b by, by, (by +|a2,k )
R(s) 1 In ‘ 1qk‘2 ‘ 1qk‘2 2R{( 1qk>H€L1,q,k}
ok 2 g+ =) = == 7@
q,k q,k q,k
@) o2 (By ke + |ar g 4l) asal?laS P 2R{(@S ) st
T 0@ Il 4+ —5—) - =+ S (@) (38)
bq k‘(bqk,‘ +| 1qk| ) bq,k bq,k bq,k
a + |a
_ |a 2(ik| ((qu |a 2qk| ))_wa kek, ge O,
bqk<bqk+‘ 2qk‘ )
L T = - x ~
Tua = T o (@) R + RE) By + B0 =00 £ Fugr 4 € (39)
q s,q
Based on (37), (38) and (B9)), P6.2 can be rewritten as
K(Q+1)+Q 1
ORI DR Sy RN
k=1 ve{r,t}
st. CI3: E(fi > Rymin + i, k€K, (P6.3)
6\1-2“ : E((;])f Z Ru,min + &qK+k7 ke ]Ca q < Q7

C15 : Fug > Yumin + Ok (Qi1)1q: ¢ € Q, CI2.

Similar to P3.4, P6.1 is a convex problem and can be solved by implementing the CVX tool.

The algorithm for solving P4 is similar to Algorithm [I] and omitted here for simplicity. The overall
complexity for solving P4 is O(I1121;/K(Q + 1+ N)+ Qlog() - (ni(K(Q + 1) + Q + (KN)?) +
n(K(Q+1)+Q+ (KN)?) +ni) + L1131/ 2(K(Q +1) + Q + M) log(¢) - (n2(2(K(Q + 1) + Q) +
n3(2(K(Q +1) + Q)) + no(4M) +n3)), where ny = (KN)?, ny =2M + K + KQ + Q, and I, denotes

the iteration times for solving P5.1 by applying the SCA technique.

V. NUMERICAL RESULTS

A. Simulation Setup
In this section, we conduct numerical simulations to verify the performance of the proposed schemes.

We consider a two-dimensional coordinate model, in which the BS and STAR-RIS are located at (0, 0)

and (100 m, 0), respectively. The PUs are randomly distributed in a circle with a center (100 m, 20m)
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and a radius of 5 m, while the SUs are randomly distributed in a circle with a center (100 m, -20m) and a
radius of 5 m. We consider that all signal transmissions suffer from the large-scale fading and small-scale
fading. According to [47], the large-scale fading for all links is modeled as D(d) = (¢/(4m))?d ™, which is
a function of the distance between two nodes (i.e., d), the wavelength (i.e., (), and the path-loss exponent
(i.e., ¢). The small-scale fading for the links related with the STAR-RIS is modeled as the Rician fading.

For example, F' is expressed as

Fo D(dps,ris)kr Flos D(dgs,ris) FNLoS.
kp+1 krp+1

where F05, FNLS | ior and dpg prs are the line-of-sight (LoS) component, non-LoS component and
Rician factor, and the distance between the BS and the STAR-RIS, respectively. F'°5 is expressed as
Flos — ﬁM(UAoA)ﬁﬁ(UAoD), where Bx (v) = [1, ejmn(v)a R ejﬂ(X_l)Sin(v)]Ts X € {M, N}, vaoa and vaep
are the angle of arrival and angle of departure, respectively. FN-°S is modeled as the Rayleigh fading, each
element of which satisfies CN(0, 1). Similarly, the definitions of gﬁk and gfq can be obtained. However,
the small-scale fading for the links unrelated with the STAR-RIS is modeled as the Rayleigh fading with
CN(0,1). The path-loss exponents from the BS to PUs/SUs, from the STAR-RIS to PUs/SUs, and from
the BS to STAR-RIS are set at 3.8, 2, and 2.4, respectively. The other parameters are set as follows:
N=4 M=20, K=4,0Q =1, L =50, Rymin = 2bit/s/Hz, R, min = 0.42 bit/s/HZ, Y min = Yumin = 30
dB, Ug’k = O‘iq = —90 dBm, ¢ = 750 MHz, and ;. = p, = 0.01.

Three baseline schemes are considered for verifying the superiority of the proposed schemes.

« Baseline scheme 1: The amplitudes of reflection and transmission coefficients at each element are
equal, ie., 37 = B'° = 0.5, while the other variables are jointly optimized without the phase
correlation constraint.

« Baseline scheme 2: The amplitudes of the reflection and transmission coefficients at each element
are equal, i.e., 37 = f' = 0.5, while the phase shifts are randomly generated without the phase
correlation constraint.

« Baseline scheme 3: The backscattering device with one antenna is considered as the secondary

transmitter to replace the STAR-RIS, while the other variables are jointly optimized.

It should be noted that the baseline schemes are with the imperfect SIC in Figs. but are with the
perfect SIC in Figs. OHI2

Moreover, the proposed schemes without the phase correlation constraint are also investigated for
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Fig. 2. Transmit power versus the iteration process.

or T+ Initial Pase Shift Difference
8 \ oy O Optimized Phase Shift difference
8 ‘\ 8371—/2—-(,L——-e,\—(-,\—e————-ck————@————————-(yz-————ée
B ari2 | — k2 : .
= = * *
k=] o * *
5 'g .
*
) 2 *
§ % TR2G—— - —————— 6-0--o0-o--8-6-6-0---o0 o
2 2 . .
< *
123456 7 8 9 10111213141516 1718 12345678 91011121314151617181920
Number of iterations Index of STAR-RIS elements

Fig. 3. Absolute phase shift differences versus the iteration process,Fig. 4. Scatter of absolute phase shift differences for the STAR-RIS.
where the lines of different colors represent the absolute differences

between reflection phase shifts and transmission phase shifts for STAR-

RIS elements.

evaluating the performance loss caused by this constraint.

B. Performance Evaluation

The convergence performance of the proposed algorithms is investigated in Fig. 2l As seen from Fig.
2l the value of transmit power converges to a stationary point after several iterations, which confirms the
convergence efficiency of the proposed algorithm for each signal model. Specifically, it can be observed
that the proposed algorithm for the unicasting signal model converges slower than that for the broadcasting
signal model. It is because more iterations are required to meet a larger number of the QoS constraints.
Moreover, the number of antennas at the BS is also a factor affecting the required iterations to converge,

i.e., exploiting more antennas at the BS increases the required number of iterations.
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Fig. 5. Transmit power versus the minimum SNR requirement Fig. 6. Transmit power versus the minimum SNR requirement
for the broadcasting signal model. for the unicasting signal model.

In Fig. Bl we depict the updating process of the absolute phase shift differences for all elements (i.e.,
67 — 6% | for m € M). It can be observed that the absolute phase shift differences for all elements
are irregular during the first four iterations, but then converge to 7 or 37“, which confirms that the phase
correction constraint is satisfied. Fig. ] shows the effectiveness of phase shift optimization. In the initial
step of the proposed algorithm, the phase shift differences are randomly distributed between 0 and 2.
3

or —-.

After implementing the proposed algorithm, the phase shift difference for each element will be 5

ol

This observation indicates that the phase correlation constraint affects the design of phase shifts for all
elements.

The transmit power versus the minimum SNR requirement for the broadcasting signal model is shown
in Fig. Bl As observed in Fig. Bl a higher SNR requirement for decoding ¢ improves the transmit
power. The reason is that more transmit power should be consumed for satisfying the SNR requirement.
Compared to the baseline schemes, our proposed scheme consumes the lowest transmit power, which
indicates the effectiveness of the proposed scheme. Specifically, from the comparison with the baseline
scheme 1 and baseline scheme 2, we observe that the optimization of STAR-RIS coefficients (i.e.,
amplitude coefficients and phase shifts) is vital for enhancing the efficiency for simultaneous reflection
and transmission empowered by the STAR-RIS. Moreover, the transmit power of the baseline scheme 3
is about twice as much as that of our proposed scheme, which confirms that the application of STAR-RIS
can significantly improve the communication efficiency for the secondary transmission. Fig. [6] investigates
the impact of minimum SNR requirement on the transmit power for the unicasting signal model. Similar

to Fig. 3 our proposed scheme consumes less transmit power than the baseline scheme 2 and the baseline
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Fig. 7. Transmit power versus the number of STAR-RIS elements Fig. 8. Transmit power versus the number of STAR-RIS elements
for the broadcasting signal model for the unicasting signal model.

scheme 3. Moreover, compared to the proposed scheme without the phase correlation constraint, the
existence of this constraint degrades the system performance since the feasibility of designing phase
shifts is constrained due to the fact that the phase shift difference for each element has to be 7 or 37”

We investigate the transmit power versus the number of STAR-RIS elements for both models in Fig. [7]
and Fig.[8 respectively. As shown in Fig.[7land Fig.[8] by increasing the number of elements from 10 to 40,
the required transmit power for satisfying all constraints is reduced. It demonstrates that deploying more
elements at the STAR-RIS is an efficient way for enhancing system communication efficiency as more
additional reflection and transmission links can be achieved for information delivery. Furthermore, it is seen
that the gap between the proposed scheme and the baseline schemes is a non-decreasing function with the
number of STAR-RIS elements. Compared to the proposed scheme without the phase correlation constraint,
the proposed scheme with the phase correlation constraint consumes more transmit power, especially
for the unicasting signal model. The reason is that for the proposed scheme with the phase correlation
constraint, more restrictive constraints are required. For the unicasting signal model, the proposed scheme
with the phase correlation constraint even consumes a bit more power than the baseline scheme 1 when
the number of elements is small, which again indicates the effect of the phase correction constraint on
performance degradation. However, by removing this constraint, the proposed scheme can reduce up to
3.26 dBm transmit power compared to the baseline scheme 1.

In Fig. @ and Fig. [I0 the transmit power versus the number of transmit antennas for both models is
investigated, where K = 2 and ;. = i = 0.04. As observed in Fig. @ and Fig. [IQl increasing the number

of antennas at the BS reduces the required transmit power of all schemes. It is due to the fact that a
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higher antenna gain can be obtained by increasing the number of transmit antennas, which enhances the
efficiency of both primary and secondary transmissions. In addition, compared to the baseline schemes
with the perfect SIC, the proposed scheme with the imperfect SIC even consumes less transmit power,
which verifies the effectiveness of the proposed scheme.

Finally, we show the impact of the imperfect SIC on the transmit power for both models in Fig. [[1] and
Fig. [12] respectively, where p = p;, = 0.04. It can be found that compared to the perfect SIC scenario, the
imperfect SIC will result in more transmit power consumption at the BS. The reason is that the residual
interference caused by the imperfect SIC reduces the SINR at the PUs and SUs, thus consuming a bit more
transmit power to satisfy the QoS constraints. Moreover, the results in Fig. [[1] and Fig. [I2] indicate that
the number of PUs and SUs is an important factor affecting the transmit power at the BS. Specifically, the

deployment of more PUs and/or SUs may increase the transmit power. It is because a bit more transmit
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power is required to guarantee the QoS constraints corresponding to the worst-case of channel conditions.

VI. CONCLUSIONS

In this paper, we have proposed a new idea of using the STAR-RIS for SR systems to achieve three
objectives, i.e., (i) guaranteeing that the PUs and SUs can be deployed on different sides of the STAR-RIS
and thus providing a promising solution to support indoor and outdoor transmissions, (ii) enhancing the
primary transmission efficiency by constructing passive beamforming, and (iii) serving as a transmitter to
passively deliver secondary information to the SUs. We have investigated the transmit power minimization
problems for both broadcasting and unicasting signal models and proposed a BCD based algorithm with
SDR, PDD, and SCA techniques to solve them. Numerical results have been conducted to demonstrate the
superior performance of our proposed scheme. The numerical results reveal three important observations:
1) the phase correlation constraint results in the increase of transmit power due to the reduced feasibility
for designing phase shifts; 2) the optimization of simultaneous reflection and transmission coefficients is
an important factor of enhancing system performance; 3) the STAR-RIS without optimizing reflection and
transmission coefficients can even bring a higher system efficiency compared to the backscattering device

enabled scheme.

APPENDIX A

PROOF OF PROPOSITION

We first rewrite PS.1 by introducing some auxiliary variables, which is given by
max — Tr(W) (PA)
1 1 .
s.t. All: 3 logy (b1 s, + 05 p) + 5 logy (bay, + 0 1) — log, (Tr(Bs W ™) + o)

bs ), — Tr(Bs ;W ®)
- . : > Ru min k S IC,
(Tr(B3 ) W®) +02,)In2 =

1 - 1 - —
A2: 3 logy (b1 g+ 03,) + B 1083 (b gk + 0% ) — 10go(Tr(Bs )W) + 02 )

by gk — Tr(Bs g ;W®)
— 3’q_’k I'( 3.k ) 2 Ru,mim S lC? q€ Q’
(Tr(Bsg )W ®) + Ug,q) In2

A3 :Te(B W) > byg,u € {1,2,3}, k€K,
A4 :Te(Byg W) > bygr,u€{1,2,3}, k€K, g€ Q,

A5 :TrH(GW) > 02 Fumin, 4 € ©, (40)
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where G, = LR, — VuminH,. The Lagrangian function of P.A about W is formulated as £(W) =
fi—Tr(W)+ Zi:l ZkK:1 Eup Tr(By W) + Zi:l 23:1 ZkK:1 Eugh Tr(Bug W) + 23:1 £ Tr(G,W) +
Tr(QW), where i represents the term unrelated to W, €, 5, €, 4., and &, are the Lagrangian multipliers
for the constraints A.3, A.4, and A.5, respectively. €2 > 0 is the Lagrangian multiplier matrix related to

W > 0. According to the KKT conditions of P.A, we can obtain

—Ingunk + I+ Q2 =0, (41)

Tr(Q*W™) = 0, (42)

where TT = 370 S (5 Buk + Yoo 5 gk Bugi) + £:Go. €5 Ehgpr £5o and Q° are the optimal
Lagrangian multipliers. It is easy to find that II is a block diagonal matrix, which is the summation of

the block diagonal matrices B, 1, By x> and G,. Thus, we can formulate IT as
IT = BIDiag ({TL: }i,) , (43)

where IT;, € CV*V, k € K. In order to satisfy (&I), 2* should also be a block diagonal matrix, which

is formulated as

Q* = BlDiag ({Qk}szl) , (44)
where Q} = Iy y — II;. According to (42) and @4), W* can be expressed as

W* = BIDiag({W; }i_)). (45)
Then, we have S | Tr(Q;W;) = 0, where

Te(QUW;) =0, k € K. (46)

According to (@6)), ©2; lies in the null space of W*. Hence, we analyze the rank of W)’ by investigating
the characteristic of €2}, (i.e., Inxn — II; ), whose eigenvalues are nonnegative. We denote Upay 1 as the
largest eigenvalue of Il;. If ¥, < 1, we find that all eigenvalues of Iy,y — Il are positive and
Rank(Iyyy — IT;) = Rank(£2;) = N. Since @6) holds if and only if W} = 0, which is obviously not
the optimal solution. If Upaxr > 1, the smallest eigenvalue of €2 is negative, which is against the fact

that 27 >~ 0. If ¥ = 1, it is found that the eigenvector of the largest eigenvalue of II; lies in the
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null space of €27, denoted by Wy k. Thus, we obtain W' = wway 1w

H

ax i Which is a rank-one matrix,

and @ > 0 is a scaling parameter. Since W* is a block diagonal matrix with W} for k£ € K being its

diagonal sub-matrices, we derive that the rank of W is K, which completes the proof.
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