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Abstract The conventional reconfigurable intelligent surface (RIS) is limited to reflecting incident signals,
thereby imposing constraints on the placement of the transmitter and receiver, which hinders achieving
comprehensive signal coverage across an entire area. This paper investigates a simultaneously transmitting
and reflecting (STAR)-RIS-aided simultaneous wireless information and power transfer (SWIPT) system with
a nonlinear energy harvesting model under three different RIS transmission protocols: energy splitting (ES),
time switching (TS), and mode switching (MS). The objective of this paper is to maximize the weighted
sum power (WSP) of all energy harvesting receivers (EHRs) while ensuring fairness in the collected power
among them. This is achieved by jointly optimizing the transmit beamforming at the base station (BS)
and the transmission and reflection coefficients at the STAR-RIS, subject to rate constraints for information
decoding receivers (IDRs), transmit power constraint at the BS, and coefficient constraints of each element
at the STAR-RIS corresponding to the three protocols. Solving this optimization problem poses challenges
because of the complicated objective function and numerous coupled optimization variables of the ES STAR-
RIS. To address this complexity, an efficient alternating optimization (AO) approach is proposed as an
iterative solution method that achieves suboptimal results. The AO algorithm is then extended to MS
STAR-RIS and TS STAR-RIS. Specifically, for MS STRA-RIS, binary constraints in the STAR-RIS coefficient
optimization subproblem are handled using the first-order approximation technique along with the penalty
function method. For TS STAR-RIS, apart from optimizing BS transmit beamforming and STAR-RIS
coefficients subproblems, the transmission and reflection time allocation of STAR-RIS also needs optimization.
Numerical findings demonstrate that compared to conventional RIS-aided systems, utilizing three different
protocols in a STAR-RIS-aided system can enhance power collection at EHRs while expanding the receiver
placement range. Furthermore, TS STAR-RIS performs best when the IDRs do not require high achieved
rates. Otherwise, ES is the best choice.

Keywords STAR-RIS, beamforming, SWIPT, alternating optimization, nonlinear energy harvesting

1 Introduction

In recent years, with the tremendous growth of the Internet of Things, wireless communication technolo-
gies, and the large-scale popularization of smart devices in people’s lives, the amount of user equipment
and the flow of mobile data have grown exponentially [1-4]. The ever-increasing demand for data and the
dramatic growth in the number of wirelessly linked devices exacerbate the problems of spectrum resource
shortage and energy shortage [5]. Using radio frequency (RF) signals to implement the simultaneous
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transfer of information and energy is an important means to solving the problem of energy limitation
in wireless networks and achieving green communication [6-8]. However, in practice, energy harvesting
receivers (EHRs) usually require higher reception power than information decoding receivers (IDRs) be-
cause of the difference between them in reception sensitivity and application requirements. Therefore,
the inefficiency of the long-range wireless power transfer (WPT) of EHRs is regarded as a capability
barrier for current simultaneous wireless information and power transfer (SWIPT) systems. Large-scale
multiple-input multiple-output (MIMO) techniques could significantly boost WPT efficiency by arranging
enormous arrays at the transmitters and receivers, but their practical implementation is still hindered by
high hardware costs, complexity, and energy consumption [9-11].

Reconfigurable intelligent surfaces (RISs) offer a good approach to overcoming the aforementioned
communication restrictions [12-14]. In particular, a RIS is made up of numerous inexpensive passive
components that are controlled by intelligent controllers to adjust the phase shift of the incident signal,
thereby boosting the receiver’s signal intensity [15]. In contrast to conventional multiantenna technologies
and relays, which employ pricey RF chains to actively create wireless signals, RISs simply passively reflect
arriving signals back into the network, eliminating the need to configure RF chains and making the system
more environmentally friendly and economical [16-18]. Given the various advantages of RIS, RIS-aided
communication systems have gained widespread attention [12,15,16,18-20].

However, most of the current research concerned with RISs addresses only reflected signal functions.
In this case, the positions of the transmitters and receivers are limited in that they can only be located on
the same side of the RIS. Otherwise, the receivers cannot receive the reflected signals. Such geographical
restrictions may not always be satisfactory [21]. The RIS with entirely reflected signals significantly
restricts the flexibility and efficiency of the system since the transmitters and receivers could be situated
on either end of the RIS to address the issues mentioned above. Researchers came up with the notion of
simultaneously transmitting and reflecting (STAR)-RISs [21]. Specifically, the radio signal transmitted
to each STAR-RIS unit from one side is split into two distinct parts: the transmission part and the
reflection part. The signal in the transmission part is transmitted to the space opposite the incident
signal, while the signal in the reflection part is reflected to the same space as the incident signal. The
transmission and reflection coefficients (TARCs) may be utilized to reconfigure the transmission and
reflection signals, respectively, by varying the current and magnetic current of each STAR-RIS element.
It should be emphasized here that the TARCs are two independent coefficients [22]. In addition, with
STAR-RIS, signal coverage, signal freedom, and building compatibility can all be improved [23].

Many studies have been carried out on RIS-aided SWIPT systems to enhance their performance, which
includes transmit power (TP) [24], received power of EHR, achieved rate of IDR [25,26], and system se-
curity performance [27,28]. Specifically, a multiple RIS-aided SWIPT system was researched in order to
reduce the TP at the base station (BS) while meeting energy harvesting requirements at the EHRs and
individual signal-to-interference-plus-noise ratio (SINR) requirements at each IDR [24]. An effective iter-
ative technique based on the penalty method was proposed to solve the non-convex optimization problem
for TP reduction. A RIS-aided SWIPT system was taken into consideration to boost the weighted sum
power (WSP) that EHRs received [25]. The authors also showed that arbitrary user channels in the
SWIPT system did not require particular energy signals. An RIS-aided MIMO-SWIPT system was de-
veloped to raise the weighted sum rate of IDRs [26]. In [27], one RIS was introduced into a secure SWIPT
system to enhance its security. The semidefinite relaxation (SDR)-based alternating optimization (AO)
technique and low complexity AO approach were employed to enhance active and passive beamforming.
Furthermore, RIS was employed in secure MIMO-SWIPT systems to jointly optimize RIS phase shifts,
artificial noise (AN) covariance, and precoding matrices with the goal of raising the secrecy rate of the
system [28].

The RIS in the aforementioned RIS-aided systems solely serves the purpose of reflecting incident
signals. Such RIS-aided systems fail to achieve complete coverage of reflected signals. A concept called
STAR-RIS was made to greatly enhance the coverage capability of RIS and boost flexibility in transmitter
and receiver placement. In particular, Ref. [22] presented the fundamental signal model for STAR-RIS
and detailed energy splitting (ES), mode switching (MS), and time switching (TS) protocols employed by
STAR-RIS. Furthermore, optimization techniques were applied to minimize power consumption in STAR-
RIS-aided communication systems. Additionally, in STAR-RIS-aided systems, Ref. [29] offered channel
models for both near-field and far-field scenarios. The authors also derived a closed-form expression for
channel gain experienced by users who receive transmitted and reflected signals. Ref. [22] investigated a
unicast/multicast communication system facilitated by STAR-RIS as a means of reducing the TP of the
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BS. Additionally, an AO-based iterative technique was used to optimize the secrecy rate, which led to
the creation of a secure non-orthogonal multiple access system backed by STAR-RIS [30]. These different
publications show that STAR-RIS greatly improves overall performance when added to current systems.
These various examples demonstrate that incorporating STAR-RIS into existing systems significantly
enhances overall performance levels.

Most current papers have only studied conventional RIS-aided SWIPT systems. However, conventional
RISs limit the freedom of location of EHRs. This paper exploits the potential of STAR-RIS in enhancing
SWIPT systems where multiple EHRs and IDRs are situated on each side of the STAR-RIS in order to
improve the receiving power and placement range of EHRs in SWIPT systems. In addition, it employs
the nonlinear energy harvesting model to study the STAR-RIS-aided SWIPT system while accounting for
the nonlinear features of end-to-end energy conversion in real energy harvesting circuits. To the best of
our knowledge, similar work has not been extensively pursued. An overview of our primary contributions
is provided below.

(1) The system under consideration is the SWIPT system assisted by STAR-RIS and modeled with
nonlinear energy harvesting. We formulate the WSP maximization issue at the EHRs under three oper-
ating protocols (ES, MS, TS). The transmit beamforming at the BS and the transmission and reflection
beamforming at the STAR-RIS are designed concurrently. Furthermore, it ensures the power constraint
of the BS, the TARCs constraint of each element at the STAR-RIS, and the achieved rate requirements
of the IDRs. However, because of the complexity introduced by the nonlinear energy harvesting model
expression and coupling between multiple optimization variables, obtaining an optimal solution with a
closed-form expression becomes a challenge.

(2) For the ES STAR-RIS case, we first convert the original optimization problem into an equivalent
problem by introducing relaxation variables and adding corresponding constraints to represent objective
function requirements. Since there is coupling among optimization variables and non-convexity in con-
straints, we decompose this problem into two subproblems: optimizing BS transmit beamforming and
optimizing STAR-RIS transmission/reflection beamforming. We optimize these two subproblems using
the AO algorithm. For each subproblem, the non-convex constraints are transformed into convex con-
straints by employing a first-order Taylor expansion approach. Next, the interior point technique is used
to find the optimal solution to the subproblem.

(3) Additionally, our proposed iteration-based AO approach is expanded for the MS STAR-RIS case,
which involves a mixed-integer non-convex optimization issue, and the TS STAR-RIS case, which involves
a generic non-convex optimization problem. Specifically, for the MS STAR-RIS transmission/reflection
coefficient optimization subproblem, the integer non-convex optimization problem is converted into a con-
tinuous convex optimization problem based on the penalty function method and the first-order approxi-
mation technique. Then, an iterative algorithm based on the successive convex approximation technique
is proposed to find the proximate optimum solution. For TS STAR-RIS, similar to ES STAR-RIS, the
suboptimal solution is obtained by alternately optimizing three subproblems in an iterative manner.

(4) Numerical findings show that the proposed STAR-RIS-aided SWIPT system can accomplish greater
power harvesting at EHRs and broaden the location of EHRs in comparison to traditional RIS-aided
systems. In addition, the TS protocol is superior for a lower achieved rate of IDRs. However, for a higher
achieved rate of IDRs, the ES protocol performs best.

The remainder of this study is divided into the following sections. In Section 2, the system model and
the formulation of the problem are presented; in Section 3, an effective approach for concurrently devel-
oping transmit beamforming and TARCs in ES STAR-RIS is proposed; Section 4 provides optimization
designs for MS STAR-RIS and TS STAR-RIS; Section 5 analyzes the convergence of the three algorithms
and calculates their computational complexities; Section 6 presents numerical results outcomes that illus-
trate the effectiveness of the three suggested STAR-RIS-aided SWIPT designs compared to the baseline
plan; Section 7 concludes the article.

2 System model and problem formulation

2.1 System model

Figure 1 depicts a SWIPT system aided by a STAR-RIS, consisting of a BS with M antennas, K single-
antenna IDRs, L single-antenna EHRs, and a STAR-RIS with N elements. The sets of IDRs, EHRs,
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Figure 1 (Color online) STAR-RIS-aided SWIPT system.

and the elements of STAR-RIS are denoted as K, £, and N, respectively. Different from the traditional
RIS which only has the ability to reflect signals, STAR-RIS separates the communication space into
the reflection and the transmission zones and realizes the full area coverage of signals. In order to
comprehensively investigate the improvement of system performance by introducing a STAR-RIS [21],
in this work, we study the SWIPT system supported by a STAR-RIS under three different protocols.
Presumably, the signals that the n-th element transmits and reflects are represented by ¢, = \/@ewi
and r, = /Brel%, respectively, where V/BL,\/Br € 10,1] stands for the amplitude and 6%, 67 € [0,2m)
for the phase shift of the n-th element.

Due to the independent control capability of STAR-RIS over transmitted and reflected signals, three
different operating protocols can be achieved by adjusting the amplitude coefficient of transmission and
reflection for each STAR-RIS element [21,22]. The three protocols of the STAR-RIS are defined as foll-
ows [21]. (1) ES protocol: each STAR-RIS element has the ability to transmit and reflect the incident
signal concurrently. The magnitude of each element of STAR-RIS satisfies 3% > 0,37 > 0, 8% + - < 1.
Due to the ability to optimize the reflection and transmission coefficients of each element, the system
design offers a high degree of freedom, resulting in a large number of optimization variables. (2) MS
protocol: dividing all elements into two parts. One part contains N elements for transmitting the
incident signal, the other contains Ny elements for reflecting the incident signal and Ny + Ny = N. Each
element either works in transmission mode or in reflection mode. By using a2,p € {¢,r} to indicate
whether the n-th element is in transmission mode or reflection mode, e.g., af, = 1,a” = 0 means the
n-th element is in transmission mode, and a!, = 0,a}, = 1 means the n-th element is in reflection mode.
The magnitude of each element at the STAR-RIS satisfies af € {0,1},p € {¢,r},d}, +al, = 1,8, >
0,80 > 0,8, < al,B" < a’. In comparison to ES, this switching operation is easier to implement
but has relatively lower transmission and reflection gains. (3) TS protocol: in separate orthogonal time
slots, alternate between transmission and reflection modes on a periodic basis for each RIS element. The
percentage of transmission period and reflection period to total communication time are 0 < Ay < 1
and 0 < A\, < 1, respectively, where Ay + A, = 1. The magnitude of each element at the STAR-RIS
satisfies 0 < B¢ < 1,0 < B < 1. The decoupling of TARCs for a given time allocation allows for
independent optimization of the coefficient matrices. However, periodic module switching imposes strict
time synchronization requirements, leading to high hardware implementation complexity.

Furthermore, ¥, = diag(¢p.1,...,¥p,n),p € {t, 7} with ¢, , = \/@ewﬁ,n € N denoting its coefficient
for the n-th element. The transmit signal at BS is denoted as = = Zszl wg s, where s ~ CN(0,1)
represents desired data while w, € CM*! corresponds to transmit beamforming sent to k-th IDR.
Considering the quasi-static flat-fading model for all channels, G € CN*M hip ;. /hip; € CY*V | and
hag.k/hag, € CY*M represent channels from BS to STAR-RIS, from STAR-RIS to k-th IDR/I-th EHR,
and from BS to k-th IDR/I-th EHR respectively. The channel state information (CSI) for STAR-RIS-
aided systems can be obtained using existing channel estimation techniques [31,32]. The results presented
in this work serve as a theoretical upper bound on system performance and offer guidance for system
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design under imperfect CSI. Consequently, the received signals at k-th IDR and the [-th EHR are modeled
as follows:

K

Yok = iy Zwksk + ks (1)
k=1
K

Yyt = hi | Zwksk + Net, (2)
k=1

respectively, where h!l k= hIB YYG + hAB , € CIXM hH 1= hIEl\II G + hAE € CYM p e {t,r},
ny ~ CN(0,02) and ne ~ CN(0,02) are the complex additive white Gaussian noise (AWGN).

(1) ES and MS. When STAR-RIS applies ES protocol or MS protocol, the received SINR at the k-th
IDR is

SINR,, 1. (wy, ¥,) Ll peftr) 3)
k k> - ) ) .
! ! Zj;ék |hi{p,kwj|2 + Ul?,k
Furthermore, the achieved rate at the k-th IDR is
R (wka ‘I’p) = 10g2(1 + SINRIhk(wk? ‘I’P))a pE {ta ’I“}. (4)
At the [-th EHR, the RF power received is
Pry, (wi, ¥ Z |hep’l'wk|2, p € {t,r}. (5)

(2) TS. When STAR-RIS applies TS protocol, the achieved rate at the k-th IDR is

|h£f,,szc|2

D itk |h};{p,kwj|2 + o

Rip (Wi, ¥y, Ap) = Aplog, (1 + ) , pe{t,r} (6)

The RF power received at the [-th EHR is

K

Py, (wg, ¥p, A\p) = A Z|h qwil?, peftr}. (7)
k=1

Due to nonlinear features generated by components in actual energy harvesting circuits, end-to-end
energy conversion cannot be adequately described using linear models [33]. For practical implementation,
a nonlinear EH model is used, and the power gathered by the [-th EHR is represented by

ENO™ = (X — M) /(1 — ), (8)

where X; = Trexp(—ar (Pom—0)) is a logical function of the input RF signal power Pgy, which is given in

(5) and (7), X; denotes the maximum value of energy that can be collected by the I-th EHR when the
energy harvesting circuit is saturated, ; = m, a; and b; are specific parameters related to the
energy harvesting circuit. The model adjusts three parameters, a;, b;, and M;, to match the nonlinear
characteristics caused by the actual circuit hardware constraints.

Considering the fairness of EHRs in collecting power, we maximize the WSP harvested by all EHRs.
The WSP harvested by EHRs can be expressed as

E(wy, ¥ ZWZENO (wi, ¥,), for ES/MS, 9)

E(wy, ¥ ZleNon wi, ¥y, Ap), for TS, (10)

respectively, where w; > 0 is the energy weight of the [-th EHR. A greater w; implies a higher priority
for providing energy to the [-th EHR in comparison to other EHRs.
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2.2 Problem formulation

Maximize the WSP received by all EHRs while satisfying the achieved rate constraints of all IDRs, the
power constraints of the BS, and the per-element constraints of the STAR-RIS. To be more precise, the
optimization problem for ES is

(P1): max FE(wg,¥,) (11a)
'wk,\pr
St Ripy (Wi, ¥p) = Y3, Yk € K, (11b)
K
> wl* < P, (11c)
k=1
(O, )0 = /Bhe%, 6P € [0,27), Yn e N, (11d)
0< B <, BL+8, <1, VneN. (11e)

Different from ES STAR-RIS, each STAR-RIS component for MS operates in either reflection mode
or transmission mode. Therefore, constraint (11e) cannot satisfy the MS STAR-RIS. To maximize the
WSP collected by all EHRs, the optimization issue for MS STAR-RIS is defined as follows in light of its
distinctive features:

(P2) : max E(wy, ¥,) (12a)
Wg,¥p,ap

s.t. (11b), (11c), (11d), (12b)

a? ={0,1},a!, +a" =1, ¥n € N, (12¢)

Bl >0, g <ab, VneN. (12d)

For TS, whether the incident signals are transmitted or reflected is controlled by the time parameter
Ap, p € {t,r}, the weighted sum-harvesting power design is

(P3): max E(wg, ¥y, A\p) (13a)

wi, ¥y, Ap
s.t. Ry, (wg, W, ) =, VkeK, (13b)
[(W,lnn = VB, 02 €[0,20), Vn e N, (13c)
A=0, 020, A+ XN =1, (13d)

K
> Mllwe]? < P, (13¢)

k=1
0<BL<1,0<B <1, VneN. (13f)

In optimization problems (P1)—(P3), 7% denotes the minimum achievable rate for the k-th IDR, P
indicates the maximum TP provided by the BSY.

3 Joint beamforming and STAR-RIS coefficients design for ES

In this section, our main objective is to solve this intricate non-convex problem (P1) by optimizing both
the transmit beamforming of BS and the TARCs of STAR-RIS. Because the optimization variables in
the objective function are in exponential form and the objective function itself is in fractional form.
Furthermore, a significant coupling exists between the optimization variables. This makes it challenging
to solve the problem (P1) in its optimum or closed form using direct means. Considering both complexity
in expression ElNOn and our objective to maximize the sum of ElNOn in the objective function, we first
transform the objective function before solving the problem (P1). Here, the original problem is changed

1) Note that the response time of STAR-RIS and the signal processing time are crucial for the practicality of the proposed
algorithm. However, this work primarily focuses on theoretical support for the system through rational algorithm design and
does not currently involve hardware testing. We will also continue to monitor the research progress of STAR-RIS and integrate
theoretical design with practical application in future endeavors.
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into its matching equivalent optimization problem, which we then solve by introducing relaxation variables
and employing the AO technique.

Specifically, according to the convex optimization theory [34], by introducing the relaxation variables
N, ..,nr instead of ENo" .. .,Egon and adding the corresponding constraints, problem (P1) can be
equivalently expressed as

L
A
(P1) Polnax ;wmz (14a)
st ENO"(wy, ®,) =, VI € L, (14b)
Ripn (wk7 ‘I’p) > Yk, Vk €K, (140)
(11c), (11d), (11e), (14d)

where (14b) are new constraints on EN°". This ensures that problem (P1’) with the addition of auxiliary
variables is equivalent to problem (P1).

Although the transformed objective function is already linear with respect to 7, constraints (14b) and
(14c) remain non-convex. Obviously, the optimization variables w; and ¥, in constraints (14b) and
(14c) are coupled and are present in the numerator and denominator. Therefore, solving problem (P1’)
directly is tricky and it is difficult to obtain the optimal solution to problem (P1’). Following that, we
perform the AO approach to generate the BS transmit beamforming and STAR-RIS coefficients, and
then iterate over these two subproblems to produce a high-quality suboptimal solution of problem (P1).
The subproblems of optimizing w;, by fixing ¥,, and optimizing ¥, by fixing w;, are described in detail
below.

3.1 Optimize w, with given ¥,

With given ¥, problem (P1’) is reduced to

L
P1-1): 15
(P1-1): max ;wmz (15a)
s.t. BN wy) =m, V€L, (15b)
RkEM (wk) Z Yk Vk € ’C, (150)
(11c). (15d)

Note that ElNOn is quadratic in relation to optimization variable wj, and ElNOn appears in the de-
nominator in exponential form. Furthermore, Ry,,, is quadratic in relation to optimization variable wy,
which exists in both the numerator and the denominator. As a result, dealing directly with non-convex
constraints (15b) and (15c¢) is tricky. To overcome this obstacle, we turn these non-convex constraints
into convex ones by applying the first-order Taylor expansion approach combined with matrix equivalent
transformation techniques. We next solve the subproblem (P1-1) by using the interior point strategy.

Constraint (15b) can be rewritten as

M
In (771+(Mli"7l)ﬂl a 1)

Pey, (wi) = b — @

(16)

It is significant to observe that Eq. (16) has a convex left-side in relation to wy and a concave right-side
with respect to 7;. We use the first-order Taylor expansion approach to the left-side of (16) in order to
make (16) manageable as a convex constraint. As a result, Pgy, (wy) can be represented as

PEHL (wk) 2 El(wkvﬁ)k)a (17)

where Ej(wg, wy) = Zle(Q%{w,?S'zbk} —wilSwy), S = hepylhglpﬁl. Eq. (17) is tight because Pg, (wy,)
is convex with respect to wy.
Moreover, the equation on the right side of inequality (16) may also be rewritten as

In <4m+<zv?fim>_nl - 1) —zi(m) | wilm)
- =b + —— (18)
aj aj aj
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where z;(n) = In(M; — g — (Mp —m) ), yi(m) = In((1 — Qi)m + M;€Y). The second term in (18) is
convex in relation to 7, and the third term in (18) is concave in relation to 7;. Therefore, the third term
in (18) needs to be transformed so that it is convex or linear in relation to 7;. The upper bound of y;(n;),
as per the first-order Taylor expansion technique, is

) < (1= )+ M) + g = ) 2 o). (19)
Substituting (17)-(19) into (16), constraint (16) is transformed as
Ey(w, 1) > by + _””;fm) + gl(zl’ W e, (20)
which is a convex constraint.
In addition, constraint (15¢) can be rewritten as
! wi* = 2% = 1) [ Y|k w4+ 0p, |, VEEK. (21)

i#k

Due to the fact that |h££’ L Wi|? is convex in relation to wy, utilizing the first-order Taylor expansion

approach, the lower bound of |h}fwkwk|2 is
|h}fp7kwk|2 = 2§R{w,§Hb,k'u~)k} — ’II)]I;IHbyk’If)k = B(wk, ’lf)k), vk € K, (22)

where Hy, j, = hbmkhi »- Consequently, non-convex constraint (15¢) is converted, as seen below, into a
convex constraint.

Blwy, g) > (27 = 1) [ > by yw;* + 07, |, VEEK. (23)
7k
Predicated on the previously mentioned conversions from (16) to (23), the subproblem (P1-1) could
be transformed to

L

(P1-1’):ur§1kax > wm st (20),(23), (11c). (24)
s =1

Since all of the constraints in the problem (P1-1') are convex and the objective function is linear in
terms of n;, this convex issue may be solved with the aid of tools like CVX [35].

3.2 Optimize ¥, with given wy

With given wy, problem (P1’) is reduced to

L
P1-2): 25
(P1-2): ax ;wmz (25a)
st. ENM(W,) =, VIEL, (25b)
RkEM (‘Ilp) Z Vi vk € IC; (25C)
(11d), (11e). (25d)

By defining v, = [p.1,-- -, ¥p N, Up = [vp, T, Pan, (P,) and Ry, (¥,) can be rewritten as [36]

K
PEHl (up) = Z |ugHe,lwk|2, Vie L (26)
k=1

and

ul Hy, wp|?
[y Ho | | (27)

i [Up Hy pw; 2 + of

RkEM (up) = 10g2 <1 + Z
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Algorithm 1 AO algorithm for solving problem (P1’)

1: Initialization: w,(vo),‘llg)), n = 0, and convergence accuracy €1. The problem (P1’)’s objective value is indicated by f(n).
2: repeat

3: Calculate transmit beamforming w;ﬁ"+1) by solving problem (P1-1") for given ‘I’g"),p e {t,r}

4 Calculate STAR-RIS coefficients u;:”rl), p € {t,r} by solving problem (P1-2’) for given wé"Jrl);

5: Perform ‘I’;"*l) = diag(uéﬂ+1))7 p e {t,r}

6: Set n =n + 1;

7 until (F0) — D) /(F) e

where H,; = [diag(hgw)G;hEE’l], Hig, = [diag(h%yl);O], Hy = [diag(hFByk)G;hAB,k]. Obviously,
constraints (25b) and (25¢) remain non-convex. Similar to Subsection 3.1, Egs. (25b) and (25c¢) can be
converted as

w By > 2uy By, — ) B, 2 Ei(u,, 4,), (28a)
Ey(up, ip) > by + —L) y O gy (28D)
ap ap
and
w Yiu, > 2up) Yidy, — @) Yity, = A(uy, ), (29a)
Aluy, @p) > (2% = 1) | Y up Hy pw; | + 07 |, VE € K, (29b)
J#k

= _ K H ryH _ HzyH
where =] = Zk:l He,lwkwk He,l’ Yk = Hbykwkwk Hb,k'

Moreover, constraints (11d) and (11le) can be equivalently rewritten as

ul,[> >0, |ul]? >0, Vn €N, (30a)
Jup, [ + |up[? < 1, Vn e N. (30D)

Obviously, constraint (30a) is convex, however, constraint (30a) is non-convex. By performing first-order
Taylor expansion, Eq. (30a) can be transformed as

WR{uP P} — (@) aP > 0, p € {t,r}, Vn € N (31)

Subproblem (P1-2) can be changed as follows based on the aforementioned transformations:

L

(P1—2’):Lnax Zwml (32a)
51 =1

s.t. (28b), (29b), (30b), (31), (32b)

i ? =1 July s [P = 1. (32¢)

Employing an interior point technique, the standard convex problem (P1-2") may have its optimal
solution found [34,35]. The steps necessary to solve the problem are outlined in Algorithm 1.

4 Extension to MS STAR-RIS and TS STAR-RIS

We expand the alternating iterative optimization strategy presented in Section 3 to address problems (P2)
and (P3) in this section. The two optimization issues pertaining to MS STAR-RIS and TS STAR-RIS
are independently solved in the sections that follow.

4.1 Extended algorithm for MS STAR-RIS

The magnitude constraint of each element at the STAR-RIS distinguishes problem (P1) from problem
(P2), which corresponds to the ES STAR-RIS theme and the MS STAR-RIS scheme, respectively. Prob-
lem (P2) is converted into an equivalent problem after the slack variables n;, VI € £ are introduced and
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the corresponding constraints for each EHR are added, similar to problem 1. The equivalent problem is

(P2) : o pax Zwml (33a)
s.t. EFO“(wk,ql,,) >, V€L, (33b)
(11b), (11c), (11d), (12c), (12d). (33c)

Obviously in problem (P2’), despite the objective function being linear in relation to 7;, the optimization
variables in constraints (33b) and (11b) are coupled. In addition, constraint (12c) is a binary constraint
with respect to the optimization variable ¥,,. These constraints are all non-convex and difficult to deal
with directly. Therefore, we also perform the AO algorithm to solve the problem (P2').

When ¥, is fixed, the reduced subproblem is the same as the problem (P1-1) and is omitted here.
When wy, is fixed, problem (P2’) is reduced to

(P2-1") Tsfm Zwlm (34a)

s.t. ENOH(\IIP) >, VleL, (34b)

Ripny (¥p) = vk, VE €K, (34c)

(11d), (12¢), (12d). (34d)

The transformation on (34b) and (34c) are the same as (28) and (29). The difficulty of problem (P2-1')

is the binary constraint (12c). To facilitate the calculation, it is first necessary to convert (12c¢) into a
convex one. First, binary constraint (12¢) can be presented equivalently as [37]

0<al <1, VnewnN, (35)
a? — (a?)* <0, Vn e N. (36)

It is clear that constraint (35) is affine, whereas constraint (36) remains non-convex because of the
presence of the quadratic term (a?)?. Given a feasible point a?, constraint (af)? can be transformed
into a linear constraint by employing a first-order Taylor expansion. However, if the first-order Taylor
expansion is performed directly on constraint (36), the simultaneous existence of constraints (35) and
(36) during the iteration may cause problem (P2-1) to be infeasible. The feasible domain of constraint
(36) is first extended by introducing a set of slack variables S = s > 0,Vn, p [37]. The objective function
is then modified with a punishment term so that problem (P2-1") can be reformulated as

(P2-2'):  max Z wim — ¢ Z Z sk (37a)

up ,aP.n,S

s.t. (28b) (29b) (31), (35), (37b)
g <ab, VneN, (37¢)
al — (al)? < sP, Yn € N, (37d)

where ¢ > 0 is the penalty parameter. Since s? = 0,Vn, p at the convergence point, problems (P2-1") and

(P2-2') are equivalent. Therefore, it is guaranteed that af, = 0 or 1, Vn, p when problem (P2-2’) converges.

Furthermore, by applying the first-order approximation technique, Eq. (37d) can be transformed into
(@b)? + 24k (ab — ab) + sb > ab, Vn,p. (38)

By replacing constraint (37d) with constraint (38), problem (P2-2’) could be converted even further into

(P2-3") uern,ﬁ)X Zwml CZ Z st (39a)

p n=1

s.t. (28b), (29b), (31), (37¢), (35), (38). (39b)

Problem (P2-3') is a standard convex function. The interior point approach can be used to solve this
problem and obtain an optimal solution to the problem [34,35]. Algorithm 2 provides a summary of the
intricate algorithmic steps.
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Algorithm 2 Penalty-based AO algorithm for solving problem (P2’)

1: Initialization: wéo),\llg’), convergence accuracy e, the penalty factor ¢ and set n; = 0. The problem (P2’)’s objective value is
indicated by f("1).

2: repeat

3: Calculate transmit beamforming w;iw,1+1) similar to problem (P1-1");

4: Set n = 0, convergence accuracy €1. Determine the problem (P2-3’)’s objective value and write it down as fz(n);

5: repeat

6: Calculate STAR-RIS coefficients u;’L+1),p € {t,r} by solving problem (P2-3");

7: Set ¢ = ¢(;

8: Set n =n + 1;

9:  until (£ — £ /(5 e
10: Set n1 =n1 +1;
11: until (f(nl) —f(nlil))/(f(nl>)§€-

4.2 Extended algorithm for TS STAR-RIS

Compared with problem (P1), problem (P3) adds new optimization variables A,,p € {¢,r} in addition to
the optimization variables wy and W¥,,.

We add the necessary restrictions and create a sequence of auxiliary variables n;, VI € L, just like in
problem (P1), so that problem (P3) may be written as

L
P3) : 4
( 3 ) wk,I\Irllj))prl ;Wﬂ?l ( Oa)
st ENO"(wy, ¥, \y) =, VI E L, (40b)
(13b), (13c), (13d), (13e), (13f). (40c)

To solve this complex optimization problem, the AO method is applied. When the variables A, is fixed,
problem (P3’) is reduced as

L
P3-1'): 41
(P3-1): max lz;wmz (41a)
st BN (wg, ©,) =, VI, (41b)
(13b), (13¢), (13¢), (13f). (41c)

Note that problem (P3-1') is similar to problem (P1’), and the detailed solution procedure for problem
(P3-1") can be found in Section 3. When w;, and ¥, are fixed, the problem (P3’) may be reformulated
and made simpler as follows:

L
P3-2): max w 42a
( ) max ; il (42a)
s.t. Rp, ()\p) >, VEek, (42b)
PEH[ ()\p) 2 bl + _xcll(nl) + yl("Zanl), v l E £7 (420)
1 1
(13d), (13e). (42d)

The objective function is linear in relation to the optimization variables A\, and 7, as are the constraints.
Hence, problem (P3-2’) can be solved and obtained the optimal time allocation factor by CVX [35].

5 Convergence analysis and complexity analysis

The convergence and complexity of the three methods presented in the previous two sections are studied
in this section, respectively.

5.1 Convergence analysis

For Algorithm 1, given a pair of feasible points {wy, ¥, }, the objective value of problem (P1’) is denoted
as f(wy, ¥,). According to steps 3 and 4 of Algorithm 1, we have f(w?'l,\ll;) > f(wj,®!) and
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fwit, with) > f (wit, ¥?), which are because that the optimal solutions are obtained for solving
problem (P1-1’) and problem (P1-2’), respectively. Hence, we have this conclusion f('wfjl,\Ilng) >
f(w},, ®!), which guarantees that the objective value of problem (P1’) does not decrease across iterations.
Then, the target value of (P1’) is upper bounded because of the BS’s power constraint and the IDRs’s
reachable rate constraint. Algorithm 1’s convergence is therefore assured.

Similarly, for Algorithm 2, when W, is fixed, the optimal solution can be found. By resolving the
problem (P2’); at least a locally optimum solution can be achieved. Thus, the objective value of Algo-
rithm 2 shows monotonic non-decreasing behavior. Moreover, an upper bound on the problem (P2')’s
objective value exists. Therefore, there is also a guarantee that Algorithm 2 will converge. For problem
(P3'), f(w}, ¥}, n") < f(wZJrl,\Ilfg,nt) < f(wfcﬂ,lll;“,nt) < f(wfjl,lll;“,nt“) due to each subprob-
lem being solvable optimally and having an upper bound on the objective function value. Therefore,
convergence of problem (P3’) is assured as well. Based on the aforementioned analysis and supported
by simulation results in Section 4 demonstrating corresponding convergence behavior plots, it can be
concluded that all three proposed algorithms are guaranteed to converge.

5.2 Complexity analysis

The complexity of solving problem (P1’) in Algorithm 1 is determined by the complexities involved in
solving problem (P1-1") and problem (P1-2’). Specifically, problem (P1-1") consists of L linear matrix
inequality (LMI) constraints with a size of M+3, K second-order cone (SOC) constraints with a dimension
of 5, and 1 LMI constraint with a size of M + 1. The complexity of resolving the problem (P1-1) is
therefore expressed as [38]

Op: (VI +3)+ (M+ 1)+ 2K (m (LM +3)° + (M + 1)°)
+n3(L(M +3) + (M + 1)) + m (K52) + ) ), (43)

where n; = O(MK + L). Similarly, the complexity for solving problem (P1-2) is [38]

Ops (\/L(N—i—S)+4N+2(K+N+2)(n2(L(N +3)3 + 2N2%)
+n2(L(N +3)% + 2N22) + ny (K52 + N32 + 222) + ng)), (44)

where ng = O(2(N +1)+L). As a result, problem (P1’) has an overall complexity of O1(D(Og1+ Og2)),
where D is the number of iterations needed. Subproblem 1 for Algorithm 2 is identical to the problem
(P1-1’). Furthermore, problem (P2-3’) has a computation complexity [38] of

Onr2 (D22 VL(N +3) + 4N + 4+ 4N + 6N + 10K (n3(L(N + 3)* + 2N2% + 223 + 4N + 2N 3?)
+ n3(K52) + n2(L(N + 3)2 + 2N22 + 222 + 4N + 2N32) + ng)), (45)

where ng = O(2(N+1)+L+2N), Das denotes the number of iterations in which problem (P2-3') reaches
convergence. Therefore, the overall complexity for solving problem (P2') is O2(D(Og1 + Op2)), where
D stands for the number of iterations.

Similarly, for problem (P3’), with fixed A, the computational complexity is the same as (43) and (44).
With fixed wy, ¥,, the computational complexity is

Ors (V2K + 3L + 5(nas(K2° + L3® + 34 2%) + n3s(K2% + L3% + 3+ 22) + niy)), (46)

where ngs = O(2+ L). Therefore, the overall complexity for solving problem (P3’) is O3(D(Og1+ Opa +
Ors)), where D stands for the number of iterations.

6 Simulation results

This section presents numerical simulations to validate the system performance of a STAR-RIS-aided
SWIPT. Four EHRs and four IDRs located in different areas with respect to STAR-RIS are taken into
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Figure 2 (Color online) (a) WSP harvested by EHRs vs. the number of iterations; (b) WSP harvested by EHRs vs. the TP at
the BS.

account. The transmission zone of STAR-RIS contains two EHRs and two IDRs, whereas the reflection
region of STAR-RIS has the other two EHRs and two IDRs. The BS and STAR-RIS are positioned at
coordinates (0,0,2) m and (0, dyr,2) m, respectively. EHRs/IDRs in the STAR-RIS transmission zone
are randomly distributed in a circle that is centered at (0,d,; + 3,0) and has a radius of 2 m, while
EHRs/IDRs in the reflection zone are distributed within another circle that is centered at (0,d,r — 3,0)
and has a radius of 2 m. In addition, the path loss model follows P(d) = Py, (d%)_“, where Py, indicates
path loss at dg = 1 m, d is the link distance, and « is the path loss exponent. The path loss exponent
between BS and EHRs/IDRs is aap = aag = 3, and this is a result of several barriers and scatterers that
are present in the direct path that connects BS and EHRs/IDRs. The possibility of a feasible free-space
path loss on a connection aided by STAR-RIS can be enhanced by carefully choosing the STAR-RIS
position. Hence, the path loss exponent between BS and STAR-RIS and that between STAR-RIS and
EHRs/IDRs are aar = aup = agg = 2.

In this work, Rician fading is used to represent small-scale fading, modeled as h = \/p/(p + 1)h™°S +
V/1/(p + 1)RNES " where p stands for the Rician factor, h°S is the line-of-sight (LoS) part of the channel,
and hN™°S is the Rayleigh fading, which is the non-line-of-sight (NLoS) part of the channel. Unless
otherwise specified, there are M = 8 transmitting antennas at the BS and N = 50 STAR-RIS elements;
the power at the BS is P, = 35 dBm, and the distance of the STAR-RIS on the y-axis is d,; = 15 m;
the weighting factor is w; = 1,Vl € L, the minimum threshold of the achieved rate of IDRs is v, =
2 bit/s/Hz, Vk € K, and the Rician factor is § = 10. The nonlinear energy harvesting model is associated
with parameters a; = 150,b, = 0.014,M; = 0.02,V] € £ [33] and noise power o7 = —100 dBm. To
confirm the validity of the three proposed schemes of the STAR-RIS-aided SWIPT systems, we compare
the following two benchmarks:

(1) Equal ES. Each STAR-RIS element transmits and reflects signals with a maximum amplitude of
0.5 concurrently.

(2) Conventional RISs. To provide full spatial coverage in this case, both a conventional reflection-only
RIS and a transmission-only RIS can be applied. In the same location as STAR-RIS, these two traditional
RISs are placed next to one another. Each reflection and transmission RIS has N/2 elements, where N
is an even number, to allow for a fair comparison. Alternatively, one may consider this benchmark to be
a particular case of MS STAR-RIS.

We initially verify the convergence performance of the STAR-RIS-aided systems under three protocols.
Figure 2(a) displays the WSP that EHRs receive vs. the number of iterations of the proposed schemes
under the three protocols when N = 10,30,50. It is evident from the figure that all three proposed
schemes exhibit good convergence behavior. Even when N is relatively large, they converge within
tens of iterations. Second, as N increases, the power collected by EHRs in the system under all three
protocols increases. The reason for this is that more elements N lead to an increase in the degree of
freedom for signal transmission, and stronger signals are transmitted or reflected into the EHRs through
STAR-RIS. Moreover, among the three protocols, the EHRs in the TS STAR-RIS-aided systems collect
the most WSP, followed by ES STAR-RIS and then MS STAR-RIS. This is because ES STAR-RIS and
MS STAR-RIS send information to all users simultaneously, TS STAR-RIS transmits and reflects signals
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through time division, and TS STAR-RIS creates less interference among users than ES STAR-RIS and
MS STAR-RIS.

The WSP collected by EHRs vs. the TP at the BS is illustrated in Figure 2(b). The findings show
that, in all cases, the WSP collected by EHRs grows as the TP budget increases. In all schemes, a higher
TP budget leads to a greater amount of WSP collected by EHRs. Furthermore, it is evident from the
figure that the STAR-RIS-aided system outperforms the traditional RIS-aided system, highlighting the
capability of STAR-RIS deployment to enhance system performance. Notably, because of its stricter
optimization range limiting amplitudes of transmission and reflection element within 0.5, equal ES per-
forms more poorly than ES STAR-RIS. The EHRs in MS STAR-RIS, a unique instance of ES STAR-RIS,
collect the least amount of power.

Figure 3(a) plots the WSP collected by EHRs vs. the number of STAR-RIS elements N. Apart from
the three scenarios depicted, the outcomes of two baseline plans are offered for juxtaposition. Figure 3(a)
shows that the WSP collected by EHRs grows with N for all schemes. This is because a greater IV enables
a stronger transmission and reflection beamforming gain, which further increases the collected energy of
the EHRs. Of the three protocols proposed in this study, TS STAR-RIS has the best performance.
This is because there is less interference between users in TS STAR-RIS than in the other schemes.
Additionally, it is obvious that ES STAR-RIS performs better than MS STAR-RIS. This is expected
because MS STAR-RIS is a special instance of ES STAR-RIS. The figure also shows that STAR-RIS
performs better than conventional RISs as it can leverage more degrees of freedom to lower inter-user
interference and boost desired signal strength, whereas conventional RISs are limited to using a specific
number of transmission or reflection components. The performance comparison mentioned above attests
to the suitability of STAR-RIS for application in wireless communication systems.

Figure 3(b) shows the WSP harvested by EHRs vs. the achieved rate of IDRs. The figure indicates
that, in all cases, the WSP gathered by EHRs falls as the achieved rate of IDRs rises. This is because
when the system TP is given, the higher the achieved rate of IDRs is, the more power IDRs need
to receive, so the power received by EHRs decreases with it. Furthermore, TS STAR-RIS performs
optimally when the achieved rate of IDRs is less than about 10.5 bit/s/Hz. Conversely, TS STAR-RIS
underperforms compared to all other schemes when this rate exceeds 11 bit/s/Hz. This is because the
lower communication interference in TS STAR-RIS comes at the cost of inefficient use of communication
time, which becomes the primary performance barrier at the large achieved rate of IDRs. By contrast,
ES STAR-RIS and MS STAR-RIS, along with both baseline schemes, serve all users throughout the
communication time period. As a result, despite the presence of inter-user interference, their EHRs collect
more energy than TS STAR-RIS under the higher achieved rate of IDRs. These results emphasize the
importance of adopting different operating protocols for specific communication purposes and scenarios.

Figure 4(a) plots the harvested power at the EHRs vs. the distance of the STAR-RIS on the y-axis
dyr is plotted. The image shows that the power gathered by EHRs in all systems diminishes as dys
increases. This is to be anticipated because d,; grows as the distances between the EHRs and the BS
and between the STAR-RIS and BS become bigger, the signal attenuation increases, and the power at
the EHRs naturally declines. Furthermore, STAR-RIS-aided schemes outperform traditional RISs. Of
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the three protocols that correlate to STAR-RIS, TS STAR-RIS has the best performance, followed by ES
STAR-RIS and MS STAR-RIS. The graph also demonstrates that the STAR-RIS-aided system may put
EHRs more widely than the traditional RIS-aided system for the same amount of power gathered by the
EHRs.

Figure 4(b) illustrates the average central processing unit (CPU) time of the three proposed schemes
vs. the number of STAR-RIS elements N. First, the figure shows that as IV grows, the average CPU time
needed for all schemes increases. This is because an increase in N causes the RIS coefficient optimization
variables to become larger and the algorithms to converge more slowly. Second, the figure also shows
that MS STAR-RIS takes the most CPU time, which is caused by binary constraints in the algorithm
that correspond to the MS protocol. Moreover, TS STAR-RIS takes much less CPU time than MS
STAR-RIS and slightly more than ES STAR-RIS. This is because the algorithm that corresponds to ES
STAR-RIS needs to compute two subproblems by performing the alternate iteration method until the
objective function converges, while the algorithm that corresponds to T'S STAR-RIS needs to perform
similar calculations for three subproblems.

7 Conclusion

This paper investigated a nonlinear energy harvesting model-based SWIPT system assisted by a STAR-
RIS through which signals are transmitted and reflected. To maximize the WSP gathered at all EHRs
under three protocols, joint optimization of transmit beamforming at the BS and TARCs at the STAR-
RIS was performed, subject to rate constraints of IDRs, TP constraint at BS, and coefficient constraints
of STAR-RIS. However, it was discovered that these problems were non-convex and intractable because
of the complexity brought about by the strongly linked optimization variables and the nonlinear energy
harvesting model objective function. For the ES STAR-RIS scheme, the AO algorithm was used to solve
non-convex problems based on matrix equivalent transformation and the first-order approximation tech-
nique. For the MS STAR-RIS scheme, the RIS coefficient optimization subproblem was a 0-1 integer
programming problem. The solution to the subproblem was obtained using a first-order Taylor expan-
sion technique and a penalty mechanism. Finally, the AO method that corresponds to the ES STAR-RIS
scheme was extended to the TS STAR-RIS scheme with a suboptimal solution obtained for the optimiza-
tion problem that corresponds to T'S. Numerical simulation results showed that the proposed schemes
significantly outperform traditional RIS-aided systems.
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