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Abstract—To address the issues of limited computational capa-
bility and constrained battery life faced by users in the Internet
of Things, wireless-powered mobile edge computing (MEC) &
been proposed as a promising solution. However, the efficiepn of
its key functions, namely task offloading and energy transfe can
be significantly impaired if the direct links between the acess
point (AP) and users are obstructed. Inspired by the potentils
of active simultaneous transmission and reflection reconfigable
intelligent surface (STAR-RIS) for achieving full-space overage
and mitigating multiplicative fading effects, this paper investi-
gates the incorporation of active STAR-RIS in wireless-powred
MEC. To meet the high data rate requirements in future smart
environments, we aim to maximize the total number of completd
task bits. To address the formulated challenging non-conve
problem, a resource allocation and active beamforming algithm
(RAABA) is first proposed for a basic two-user non-orthogona
multiple access (NOMA) scenario, jointly optimizing the errgy
transfer time, decoding order, transmit power, CPU frequercy
of users, and beamforming of STAR-RIS. We then extend
the RAABA to general multi-user scenarios (RAABAM) by
leveraging a matching-theory-based user pairing algoritm. Fur-
thermore, a low-complexity RAABAM (L-RAABAM) is proposed
by simplifying the matching process and deriving a closederm
expression for the optimal transmit power of users. Simulaibn
results show that: i) by jointly optimizing multiple highly -coupled
variables, our proposed RAABAM and L-RAABAM schemes
achieve a higher total number of completed task bits; ii) theactive
STAR-RIS significantly outperforms passive/active traditonal
RIS and passive STAR-RIS; iii) the deployment rules for actve
STAR-RIS differ from those for passive STAR-RIS in wireless
powered MEC, where the optimal deployment location of actie
STAR-RIS depends on the number of its elements.

Index Terms—Resource allocation, beamforming design,
wireless-powered MEC, non-orthogonal multiple access (N®A),
active simultaneous transmission and reflection reconfigable
intelligent surface (STAR-RIS).
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|. INTRODUCTION

The swift advancement of the Internet of Things (loT) has
precipitated a significant rise in the proliferation of simar
devices, like smart home systems, wearable health monitors
etc. [1]. To support the sophisticated operation and aehiev
advanced functionalities, smart 0T devices are often gada
in computation-intensive and latency-sensitive tasksh sas
real-time data processing and immediate decision-making.
Nevertheless, due to the inherent limitations in poweragter
and computational capacity, 0T devices are unable to effec
tively meet the communication and computation demands of
complex tasks. To overcome these challenges, mobile edge
computing (MEC) and wireless power transfer (WPT) are
considered pivotal technologies for next-generation comm
nication systems [2] [3]. MEC provides powerful computing
capabilities by bringing MEC servers in close proximity
to users, while WPT enables users to harvest energy from
radio frequency (RF) signals for information processing an
transmission. Recognizing the dual demands for energy and
computational capacity in emerging applications such astm
transportation [4], smart cities [5], wearable devices smért
home [6], [7], the integration of MEC and WPT, known as
the wireless-powered MEC, has garnered significant inferes
Such integration promises to enhance computational perfor
mance and extend the operational lifetime of 10T devices,
thereby effectively addressing their resource conssdit

As a crucial innovation for future smart environments,
wireless-powered MEC has been extensively studied in re-
cent literature. For example, in [9], the computation rate
maximization for wireless-powered MEC is investigated by
using the alternating direction method of multipliers (AIM)
technique, where the time allocation, computing mode selec
tion, and CPU frequency are jointly optimized. In [10], a
Dinkelbach-based algorithm is proposed to jointly optieniz
communication and computation resources to maximize the
&Lomputation energy efficiency for wireless-powered MEC
under the non-orthogonal multiple access (NOMA) protocol.
Simulation results demonstrate that the proposed NOMA
scheme outperforms orthogonal multiple access (OMA). Fur-
thermore, in order to solve the non-convex resource allocat
problems with lower complexity, deep reinforcement leagni
methods have been proposed for wireless-powered MEC, such
as the deep neural network (DNN)-based method [11], deep Q-
network (DQN)-based method [12], and the deep deterministi
policy gradient (DDPG)-based method [13].

Despite the advantages of wireless-powered MEC in en-
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hancing users’ computing capabilities and operationa&- lif powered MEC compared to traditional reflecting-only RIS.
times, its full potentials have not been fully exploitedinmar- Although STAR-RIS can provide additional reflected or
ily because the communication links between the access pdiansmitted links for all users in wireless-power MEC syste
(AP) and users are often imperfect. For example, in a sméne received signals of both the users and AP still suffer
city, the direct links between wireless sensors and AP mé&pm product path loss attenuation, i.e., multiplicatiaglihg
be blocked by high-rise buildings, urban infrastructures, effects, which heavily restrict the potentials of STAR-RIS
dynamically changing environments, posing significantl-chgd29]. Fortunately, active STAR-RIS is a promising approach
lenges for downlink energy transfer and uplink task offlogdi to overcome the multiplicative fading effects. Compared to
To enhance both uplink and downlink channel conditionpassive STAR-RIS, active STAR-RIS goes beyond phase shift
the reconfigurable intelligent surface (RIS), characestiby configuration, and can amplify the incident signals to fur-
its capability to smartly reconfigure the wireless propegat ther improve the strength of received signals [30]. With the
environment [14], [15], has recently been introduced tashassassistance of active STAR-RIS, the energy and computation
both energy transfer and task offloading in wireless-podiereequirements in wireless-powered MEC can be better satjsfie
MEC systems. especially in the scenarios where the direct links betweensu

To fully exploit the benefits of RIS, the beamforming ofand AP are blocked. Hence, given the potential gains of activ
RIS should be jointly designed with the resource allocation STAR-RIS, it is imperative to integrate active STAR-RISaint
wireless-powered MEC, making the formulated optimizatiotine wireless-powered MEC.
problems more challenging. Therefore, in [16] and [17], the However, to the best of our knowledge, several key prob-
joint resource allocation and beamforming design for RI$ems remain unsolved in this field. Firstly, unlike passive
assisted wireless-powered MEC is solved using the blo8TAR-RIS, active STAR-RIS amplifies not only the incident
coordinate descent (BCD) technique. It is found that RIS caignals but also the noise. Thus, the beamforming design of
achieve significant performance gains by adjusting the @hasctive STAR-RIS must carefully manage the trade-off betwee
shift to improve the channel conditions. When employingmplified noise power and received signal power. Addititynal
the NOMA protocol for RIS-assisted wireless-powered MEGlthough the resource allocation problems have been well
the uplink beamforming design of RIS would be more difinvestigated in wireless-powered MEC, such as in [9]-[13],
ficult since the phase shift adjustment must simultaneoushe proposed algorithms in related works cannot be directly
accommodate multiple signals with varying angles of incapplied to active STAR-RIS-assisted wireless-powered MEC
dence. To tackle this challenge, in [18], the successive@on since the beamforming of active STAR-RIS is highly coupled
approximation (SCA) and penalty methods are utilized twith AP’s energy transfer time and users’ transmit powemwHo
solve the non-convex optimization problem related to RISte achieve joint resource allocation and beamforming detsig
beamforming design with NOMA protocol. Although NOMATfully exploit the advantages of active STAR-RIS in wireless
outperforms OMA in RIS-assisted wireless-powered MEC, thmwered MEC requires further investigation. Secondly¢cein
performance gain can be further improved by optimizing thtee noise power amplified by active STAR-RIS also attenuates
user pairing strategy. Nevertheless, the user pairingle@mob with distance, the deployment rules for passive STAR-RI$ ma
under the NOMA protocol is a NP-hard problem, which isiot hold for active STAR-RIS. Thus, in order to alleviate the
intractable to obtain the optimal user pairing scheme irypolimpact of amplified noise on users’ task offloading, the dgplo
nomial complexity. Although several feasible approacteeseh ment location of the active STAR-RIS in wireless-powered
been proposed by existing studies, such as the relaxatiseeb MEC should be carefully designed. Thirdly, when applying
method [19], deep learning algorithms [20], and channét-ga NOMA in wireless-powered MEC with passive STAR-RIS,
based algorithm [21], the user pairing problem in RIS-a&sdis user pairing algorithm can be designed solely based on’users
wireless powered MEC systems is still an open problem. channel gains since the noise of passive STAR-RIS can be

It is worth noting that since RIS can only reflect the incidengnored [27], [31]. However, the noise amplified by active
signals, the users and AP have to be located at the same sid8TAR-RIS cannot be overlooked, and the amplified noise
RIS, which means RIS can only achieve half-space coveragewer varies on each side of active STAR-RIS, which poses
To address the geographical limitation of RIS, the sim@tanadditional challenges for user pairing of NOMA.
ously transmitting and reflecting RIS (STAR-RIS) has been Motivated by the above observations and different from
proposed recently [22]-[26]. By manipulating both elexctrirelated works, in this paper, we investigate the joint reseu
and magnetic currents, the STAR-RIS can simultaneousilocation and beamforming design for active STAR-RIS-
reflect and transmit signals, achieving full-space covermyd assisted wireless-powered MEC systems under NOMA pro-
providing extra degrees of freedoms (DoFs) to further impro tocol, aiming to maximize the total number of completed task
channel conditions. By leveraging the advantages of STABis. The main contributions of this paper are summarized as
RIS, a STAR-RIS-assisted wireless-powered MEC model fisllows.
proposed in [27], where the STAR-RIS is deployed to assistl) A novel active STAR-RIS-assisted wireless-powered
task offloading and energy harvesting for all users in fulMEC model is proposed, where the AP first transfers energy
space. Similarly, in [28], the computation rate maximiaati to users, and then users can offload task bits to the AP for
problems are investigated for STAR-RIS-assisted wirelessomputing by utilizing the harvested energy. The active BTA
powered MEC. Simulation results illustrate that STAR-RIRIS which can reflect/transmit and amplify signals, is dgptb
can significantly increase the computation rate for wirglesto mitigate the multiplicative fading effect and enhance th
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channel gains between AP and users. Under the NOMA
protocol, optimization problems are formulated to maxieiz
the total number of completed task bits for both two-user and
multi-user scenarios.

2) For the two-user scenario, to solve the formulated chal-
lenging non-convex problem, we propose a resource alloca-
tion and active beamforming algorithm (RAABA) to jointly g
optimize the energy transfer time, decoding order, trabhsmi
power, CPU frequency of users, and the beamforming of AP

....... » Energy transfer
— Task offloading

—————liei

. B UE ¢
\DUFJ

active STAR-RIS. The energy transfer time and CPU fre- Reflection e
quency are updated using closed-form expressions, wiele th space / Active Space
users’ transmit power optimization and active STAR-RIS'’s UET / STAR-RIS
beamforming design are based on the Lagrangian dual method /

and quadratic transform, respectively. The proposed RAABA Y

is then extended to general multi-user scenarios (RAABAM Diagram of active STAR-RIS

by leveraging a matching-theory-based user pairing alyori In?ide?t
Finally, by further modifying the matching process and de{ “$\" Amplified signal
riving the closed-form expression for users’ transmit powe

. . Amplifer
a low-complexity RAABAM (L-RAABAM) is proposed for 5%: Energy splitter
multi-user scenarios.

3) Simulation results show that: i) our proposed RAABAM ] )
and L-RAABAM perform close to the exhaustive search signal < | 1 %Tra;;:;‘;{ted

method and much better than the random pairing and channg
gain-based algorithms; ii) the active STAR-RIS achieves &
higher total number of completed task bits than the pas-
sive/active traditional RIS and passive STAR-RIS; iii)enrt
estingly, the best location to deploy active STAR-RIS de*mnFrg 1. The active STAR-RIS-assisted wireless-powered Mi§tem.
on the number of elements. When the active STAR-RIS has a
larger number of elements, the total number of completdd tas
bits increases as the STAR-RIS is deployed closer to users.
The structure of the paper is as follows. Section Il prese
the system model for active STAR-RIS-assisted wireles
powered MEC. In Section Ill, we detail the proposed alg
rithms designed for both two-user and multi-user scenarrc?
Section IV provides numerical results to validate our psgIb
algorithms, and Section V concludes the paper.

Phase shifter Phase shifter

When the AP transmits the energy-carrying signgp to
sers, the direct links among the AP and users are assumed to
e blocked by obstacles, which is a typical scenario wheze th
eployment of STAR-RIS is essential [33]. In this scenario,
Qe full-space coverage provided by STAR-RIS can also be
ully exploited. The Rician fading channel model are addpte
for all channels involved in this paper, and it is assumed
that the AP can obtain the perfect channel state information
. SYSTEM MODEL through advanced channel estimation technologies. Tha@-dow
As shown in Flg 1, we consider a wireless-powered MEUkK channels from AP to the STAR-RIS and that from STAR-

system assisted by an active STAR-RIS witfi elements. RIS to useri are given by [34]

The AE is equipped with an _MEC server and an RF energy WP _ wAp pDLoS L |, D-NLos
transmitter to provide computing services and energy segpl AP RIS ol h(p Ris 1+wAP AP RIS >
for users. Tne users are |ndexed b_ye 7 = {1,2,...,]_}. Wo. wms pDiLeS 4 L D-NLoS
During the given mission period’, with the help of active RIS, i Ttwp, hgis; 1+w hrisi
STAR-RIS, the AP first transmits power to all users, and the
the users utilize the harvested energy to offload task bltﬂsao LoS ; ;

AP. The energy transfer time is given by During the period ° hé\SP RIS gdélﬁlss are line-of-sight {LoS) components.
of energy transfer the beamforming matrix of STAR-RIS |§Ap ris andhg;s indicate the non-LoS (NLoS) compo-

denoted asi?:¢ — di € CMXM  wheree = {r, 1}, nents. Thus, the energy-carrying signal reflected/traitschi
ris — d1ag (‘PRIS) e=nt} and amplified by the STAR-RIS can be expressed{ds =

D -nD,e D -nDe D. -nD,e
and pr;s = [r/ﬂl Ll N By et L By Cedm upishPp pigzap + nris, wherengys is the thermal noise at

[22], [32]. Based on the location of STAR-RIS, if the user ighe STAR; RIS. Thin the signal recr;erved bytﬁsmggtbe
located at the reflection space, we have= r. Otherwise, eﬁptrescie ag;” = RISA\ZISEBSNJF "Zt wheren; IS the addiive
e — t. 9P and 8P are the phase shift and amplitudeNt€ Gaussian noise ( ) at user
for the m- th element of STAR-RIS, withdP¢ ¢ [0,2r) Hence, the received RF power at us@an be expressed as
and B2¢ € [0, Bunax], Ym € M = {1,2,..., M}. Since the D DeD ‘2 5 H Dell?

- Fm s Mmax ) S At | ] —Pinui:P h . “h s , 2
active STAR-RIS can achieve the signal amplification, weshay = “Put — *AP| BRIS.(URISTAP.RIS ks || URis (2)
Bmax > 1. where Pap is the transmit power of AP.

erewﬁp andwRE represent the corresponding Rician fac-
D
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In this paper, we adopt a non-linear energy harvesting mod2therwise, (k) = 0. Then, the offloading data rate of
to characterize the energy conversion behavior at users- Cqser; at channéVf can be expressed as
pared to traditional linear energy harvesting model whbee t

harvested power is assumed to be proportional to the reteive 5 i kDi hgl& Apug}%hg RIS‘

RF power, the non-linear energy harvesting model takes their = (I’ —7) Blog | 1+ 7 ;
circuit saturation effects into consideration, which caevent "

the overestimation of the harvested energy [35]. Based en th (6)

non-linear energy harvesting model, the harvested power of¢, , — Zle i (ﬂk)gl WD
useri can be given by ' X

Pout,i:

UeypU
hRIS APURS 7RIS ‘

()

2 U 5
v (5% +”RISHhRIS,APuRIS H +n3p,

— , (3
(1=x) (1+exp (4 (Pnput,i—¢)))  (1—X) © where B is the bandwidth of each sub-channg}. is the
where x = 1/(1+exp(¢¢)). v indicates the maximum transmit power of usei. Thereby, the overall offloading data
harvested power at users when the circuit is saturateahd rata of user can be given byLof = S | Lo%.
¢ are constants related to the detailed circuit specification
The total energy harvested by usérin the mission period ||, RESOURCE ALLOCATION AND ACTIVE BEAMFORMING
can be given byr Py ;. ALGORITHM DESIGN

In the rest of mission period, the users will simultaneously | this paper, we aim to maximize the total number of
perform task offloading and local computing by utilizing th ompleted task bits for the active STAR-RIS-assisted @il
harvested energy. Specifically, denote the CPU frequency ffvered MEC systems. The total number of completed task
user: for local computing asf;. Then, the amount of task pits comprises both the number of offloaded task bits and the
bits that useii can complete during the mission period can bgumber of task bits completed by local computing. Compared

given by 7 to other metrics such as spectral efficiency, the total nurobe
Llocal — M7 (4) completed task bits can provide a more accurate reflection of
Ci the system’s computational capability. To achieve the gdal

whereC; is the CPU cycles required for computing 1-bit ofnaximizing the total number of completed task bits, the gper
task-input data. The energy consumption of uséor local transfertime, decoding order, transmit power, CPU fregie=n

computing can be expressed as of users, and beamforming of the active STAR-RIS must be
local _ 3 jointly optimized.

B =w(T =) fi ©) In the following, we will first focus on the two-user scenario
wherer is the effective capacitance coefficient. and propose a resource allocation and active beamforming
During the period of uplink task offloading, the beamalgorithm, which will serve as a foundation for the multiple
forming matrix of STAR-RIS is given by uRIS = user scenarios. To extend the proposed algorithm to medtipl
diag ‘Pgies) € CM*M_ wheree = {r,t}, and Ly = USer scenarios, we design a user pairing algorithm for NOMA

J " based on matching theory. Finally, several modifications is
VB et (B eei®s 1/ BYeei®ii” | U and B¢ implemented to further reduce the complexity of the propose

are the phase shift and amplitude for tmeth element a/gorithm for multi-user scenarios.

of STAR-RIS, with 07:¢ € [0,27) and BY¢ € [0, Bmaxl,

Ym € M = {1,2,..,M}. The uplink channels adopt theA. Problem formulation and algorithm design for the two1use
same model as the downlink channels. Thereby, the ugsenario

link channels from usei to the STAR-RIS and that from 1) Problem formulation:Assume that there are only two

STAR-RIS to the AP are given bh!,, ;s € C"*! and users (i.e., usef and use) in the active STAR-RIS-assisted
hjs 4p € C'*M, respectively. Denote the transmitted signakireless-powered MEC system, and these two users share
from useri to the AP asz;. The signal reflected/transmittedthe same sub-channél via NOMA. Subject to the energy
and amplified by the STAR-RIS can be expressed{gs = consumption constraints, the completed task bits maxiiniza
uli ( le h{r1szi + nris ). Then the signal received byproblem for the two-user scenario can be formulated as (P1),

the AP isy{p, = hi{jg sp2Ris + nap, Wherenp is the noise 25 shown at the top of the next page.

A A
at the AP InA(Pl) Z = {pvf uaTaﬂ'}'Ap = {pi}iEI’ f = {fi}iez
The power-domain NOMA is applied to leverage its high u = {uﬁ)lg,ugfs}, andr = {7? (138) J s perc” . Eris

spectrum efficiency during task offloading, and a two-us@ the maximum energy budget of STAR-RI®,..x and
NOMA group configuration is employed as outlined in [36]f, . are users’ maximum transmit power and maximum CPU
The total bandwidth is divided intd{ sub-channels, with frequency, respectively. Constraint C1 indicates thaetergy

2K = I. If channel k is allocated to uset, 4, = 1. consumption of users must be less than their harvestedyenerg
Otherwise,d;, = 0. Thus, we have}!_, d;x = I, and Constraint C2 represents that the energy consumption isbact
S e I, = I. After receiving all users’ signals, the APSTAR-RIS for signal amplification cannot exceed its maxi-
will decode the superimposed signals based on decodimgm energy budget. C3 and C4 represent the phase shift and
order x (i, k). If x (i,k) > x (i,k), we havewx(l.ik) = 1. amplitude constraints of the active STAR-RIS, respecgfivebd
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Di thS,APungthIS‘ fi (T —71)
(Pl)max Y | (T—7)Blog |1+ 5 5 +—5
z = U,e U,e i
et} T (iviok) Pi thS,APuRISthIS‘ + s HhrUus,APuRIS H +nip
(8a)
st.Cl: (T—7)pi+r(T—7)f2 <7Pous,Vi € {4,q}, (8b)
2 2
D.e D.e
C2: Tze:{m} (PAPHuRlshll\)P,RIS + n2RISHuRIS )
: Ueru |2 2 Ue ||?
+ (T — 7') Z Ze:{’l‘ t} Pi uRiSh’i,RIS H =+ Ze*{’r t} nRIS HuRiS H S ERIS? (8C)
i=1 ' Y
C3: 0Y/Pe e [0,2n],¥m € M, (8d)
Ca: /D¢ € [0, Bunax] , Ym € M, (8e)
C5: 0<7<T, (8f)
C6 : ngigpmaX7Vie{jaq}a (89)
CT7: ngngmaxavze{jaq} (8h)
means the energy transfer time should be less than thedlura1, we can obtain
of mission period. C6 and C7 constrain the maximum transmit Tp; + kT f3
: L <7 10
power and CPU frequency of users. o R Py = (10)
2) Algorithm design:Problem (P1) is a non-convex opti-As for C2, we first define
mization problem with highly coupled variables, which isywe 9 9
challenging to solve. Fortunately, in the two-user scenari De(rt} (PAPHUFISIE}IEP,RISH +n§USHu§I’§ )
there are only two possible dezcoding orders for the AP. %peqiy: 5 5.
. . e e 1 . U,e U,e
ically, if pj‘thS,Apug’Ishgmsj > pq‘thS,Apu}U{’Ishgms‘ : D 2efrt) Pi uRIShiU,RISH +2 et n%{ISHuRISU
we have m (. = 1 and m,;r = 0. Otherwise, _ o (11)
TyGak) =0 andm,, ;) = 1. Therefore, we can separately represents the ratio of the amplification power of the

solve (P1) under these two possible decoding orders. active STAR-RIS for uplink and downlink signals. df > 1,
In order to tackle problem (P1) with pre-given decodinthe a_mpl|f_|cat|or_1 power of the STAR-RIS fo,r AP's energy-
order, we propose an iterative algorithm based on BC rrying signal is greater than that for users’ task offlngdi

technique [37]. The energy transfer time, transmit powed, aS|gnaIs. In this case, from C2, we can obtain an upper bound of

. . : ; which is shown in (12). Hence, the optimal energy transfer
beamforming of the active STAR-RIS are updated |terat|ve§/me is determined b3(/ th)e lower bound F()jerived frogny01 ie
until convergence. Unlike the majority of studies emplayin™ 1, .7 If o < 1, the optimal energy transfer ti’m.e v

. « y

the BCD algorithm, where optimization variables are olgdin p;+xf>+Pout,; )
after solving a convex optimization problem, we endeavor &0uld be the smaller value among the lower bounds given
derive closed-form solutions for some variables, theraloja Py C1 and C2. Therefore, the optimal energy transfer time
ing the computationally intensive task of repeatedly sgjvi Can be obtained as (13).

convex optimization problems during each iteration. Nesst, ~ With 7* and given{p, u}, before deriving the closed-form

will elucidate the detailed processes of solving (P1). solution for CPU frequencies of users, we have the following

Assuming i q.k) = 1, Ty(qjk) = 0, and with given Theorem.

{p. f,u}, we first derive the closed-form solution for the enTheorem 1. When the optimal solution to problem (P1)
ergy transmission time, i.er;". The derivative of the objective is obtained, one of constraints C1 and C7 must hold with

function with respect ta- can be given by equality.
2
pi|hfis apupichYris fi Proof. See Appendix A. 0
V;L=—-Blog |1+ £ o 9)

According to Theorem 1, the optimal CPU frequency of
whereL = LT + Llocal |t is clear that the objective function users for local computing can be derived as

of (P1) is a monotonically decreasing function obecause Powi— (T —7)p
V.L < 0 always holds. Therefore, once the rangerotan fi* = min {Fmaxa &“’/ outyt pl} ) (14)
be determined, we can obtaitri. k(T—7)

In (P1), constraints C1, C2, and C5 are related térom Then, with7*, f;*, and given{u}, problem (P1) can be
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I
Eris =T (Zl De—{ri) Pi

Ue1.U 2 2 U,e 2
ugpish; ris H + 2 et} MiIS HuRis H

T < (12)
B P D7€hD 2 2 D,e 2 ! U,e hU 2 2 U,e 2
Ze:{r,t} AP |[URTsPAP Ris|| T "Ris||URTS - 21 Ze:{r,t} Pil|Urishiris|| + Ze:{r,t} NRis||URIS
1=
. Tpi+rTf}
i e o P ¢ 2 1
I
T = . Tp;+rTf2 ERIS_T(i;1 De={r,ty Pi HugiEhERISHZ"_Ze:{mt} n?”s”ugiest)
Iniln PiJrKf?JrPo:t,i ? De 5 Doell2 T U 5 Vo2 s <1
ey (PAP|‘uRfShADP,RIS|| +W2RIsHuRfs H )_(l; CZ% 5 PiHUR’ISthISH +e:§ o anlslluRisH )
(13)
U Ueru |
(P?’) 31;})‘2 Z w log (1 + ’71') —wy; + 2% (1 + '71’) wp; hRIS,APuR’IShi,RIS‘
T i={q}

2 2 2
2 U U U 2 U Uey U 2 U U,e 2
—Yj <pj ‘hRIS,APuRIShj,RIS‘ + 5q> —Yq (pq‘hRIS,APuRIShq,RIS‘ + NR1s HhRIS,AP“Ms H + nAP> (16a)

s.t. C1,C2, C6, (15¢).

(16b)

Tpout,jfli(TfT)j?

p; = min Pj,max, (T—7)

TPoutwq—K/(T—T)fg

*

2 U Uyer U 2

yj(1+’Yj)W|ths,APuRlshj,RIS|

) 2 2) 2
2|, U U,ep U _ U,epU H

(yj |hRIS,APuRIShj,RIS| N2 e={r1} H“R’IShLRIS

2 U U,ep U 2
Yq (1"‘%)“’|hRIS,APum§hq,RIS|

. ) a7
pj |thS,APuRi; h;{ms | }

min max; - ) ; c
Pa Pa (T=) (yg|hgls,Ap“gi§hgj,ms|2—ﬁ Pe=(ri Hu%’iéhé’,msllzf [h¥is apuniehY rs |
reformulated as Theorem 3. For Problem (P3) with fixedy andy, the closed-
WU Ue LU form expression of transmit power can be given by (17), where
Pj|DRis,apURIS Y RIS ‘ ' ' ' '
(P2)max (T — 7) Blog | 1+ J n is the Lagrangian dual variable for constraint C2.
Pj:Paq Sa Proof. See Appendix C. U
Dy h%}us ApugfsthRIS‘ Based on Theorem 2 and Theorem 3, an iterative algorithm
+(T—71)Blog | 14+ : 2 can be proposed to obtain the optimal transmit power of users
n%uSHhFUu& ApURis|| +nip through closed-form updates. The Lagrangian dual varigble
(15a) is updated by sub-gradient method [38], i.e.,
s.t.C1, C2, C6, (15b) n=[n+o(V— Ergs)", (18)

2 2
U Ue1. U U U U
pj ‘hRIS,APuRIShj,RIS ‘ 2 Dq ‘ hRIS,APuRIShq,RIS ’ )
(15¢)

2 2
_ W Ue U 2 U Use
where§, =p, hRIS,APuRIShq,RIS‘ +”RISHhRIS,APuRIsH +

n%p. Problem (P2) is also non-convex. To tackle this probler{hi
we first apply the quadratic transform to reformulate (P2) 3%
a convex problem and then utilize Lagrangian dual methodlré)(
obtain the closed-form expression for users’ transmit powe

By introducing auxiliary variablesy = {v;,v,}, ¥y =

where[z]" = max {z,0}, ando is the step-sizeV is the left-
hand-side of C2. The proposed transmit power optimization
algorithm for the two-user scenario can be summarized as
Algorithm 1.
Finally, in order to optimize the beamforming of STAR-RIS,
th the obtained optimat*, f;*, andp;*, problem (P1) can
reformulated as (P4) by adopting a similar transfornmatio
P3), whereyR?S andy®S are auxiliary variables.

For (P4) with fixedy?S and y®!S, it is still non-convex
due to constraints C1 and (15c). We first exploit the first-

{Yj,yq}, and definingw = (7' —7) B, problem (P2) can be o ger Taylor expansion to the right-of-hand of C1 at tk

transformed into (P3), given at the top of this page.

Theorem 2. Problem (P2) is equivalent to (P3), i.e., the
solution to (P2) is also the solution to (P3), and the optimal

objective value of (P2) is equal to that of (P3).

Proof. See Appendix B. O

iteration, i.e.,
TPout i = TPout.i . N
out,i — out,1|u§fsz(u§fs)( )
D.e D.e ® (20)
+TV be ;i pey) Pout,i URI'S—(“RIS) :
“ms—(“ms)

For ease of representation, the right-hand side of the above
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(P4) max & _Zze{q 1 1og(1_|_7RIS) %RIS)

D.e _ RIS
upisuRs YISy

RIS U Ue U
+ Zie{q i 2y; (1+15) piRe (hRIS,APuRIeShi.,RIS)
- () (pj

2 2
RIS U Uje 1, U 2 U U,e 2
— (y, ) (Pq hRIS,APuRIShq,RIS’ + NRis HhRIS.,APuRIS H + nAP) (192)

s.t. C1 — C4,(15¢). (19b)

2 2
U U,e1.U 2 U U,e 2
hRIS,APuRIShq,RIS} + NR1s HhRIS,APuRIS H + nAP)

2
U Ue U
hRIS,APuRIShj,RIS‘ + Dq

Algorithm 1 Users’ transmit power optimization algorithm foryergence, we can obtain the optimal solution to (P4) withdfixe

two-user scenario. ~RIS and y RIS,
1. Initialize the vectorsp, y, ~, and set the iterative According to Theorem 2, the closed-form solutionsy&fs
number] = (2: L) e andy®S can be given by
2. while @ I+1 I+1 I+1 .
| (p _’ZJ( l)y ) )(l))‘ > ¢ do yRIS* — w(1+7;"% ) ps | hiis, AP“R’Ish?,R,Is|2
0 p VLY J p]|hRIS AP“RIeshyRIs| +&q
3.  Updatey'” based on (34); . w(14+785)p |h uZihY s |
4.  Updatey® based on (33); v = P AL S
’ P &y ! a pQ|thS,APuRIShq,RIS| +77’RISHhRIS,APuRISH +nip
5. repeat . . o (23)
6. Initialize the dual variablg® and sett = 0; JRIST ps|biis apuRishy ns|
7. Updatep® based on (17); I pa|h¥s apunighy s | +ndis[hlis apunis| +nie
8. Updaten) based on (18); Ris* _ _Pa|PRis.apuiishy |’
9. t=t+1, , Ta B "%{Is|hgls,AP“gics|2+”ip (24)
10. Until the objective function of (P3) converges - . . .
11 Setp(!) — p(lt)_ (P3) g Then, similar to Algorithm 1, we iteratively updae?'s,
12 11— 1 ' ~RIS and uRI/S until convergence. The active beamforming
13.end while ’ design for two-user scenario is summarized Adgorithm

2. With the optimal active beamforming matrixPUHS];) “, the
amplitude and phase shift for each element of active STAR-
RIS can be expressed as

inequality is denoted a& (uRIS) Then, by replacing the

U/D e {uU/D,e} eU/D,e:arg ([u /D, ejl )
right-hand side of C1 witfE (uy;S ), C1 can be transformed RIS T, ™ RIS Jimm )’
into a linear constraint. The same technique is adopted for _( 5)
(15¢). Thus, we have where[| = represents thém,m)-th element of matrix.

Define the objective function of (P1) d§,,)(n), wheren

2 U e\ Y,
} >pj hRIS,AP(uRIs) hj prs

j , ,
o\ " )
U,e U,e U,e
+2p; ((UR'IS) ) 1 <uRIS (uRis) ) )

represents the index of possible decoding order ie.,

n — { L, %f Tx(gk) = 1 and 7y (g k) = 0; (26)
2, if Tx(j,q,k) = 0 and Tx(q,5,k) = 1.

" . (21) Based on the above solutionsto, f;*, p;* and ug{SD’e*,
where II = (h{ig ap) h¥gis(hYkis)  hfig ap, @nd the the proposed algorithm for solving problem (P1) is summa-

right-hand side of (21) is denoted a%(ums) After the fized in Algorithm 3. o
above operations, (P4) can be reformulated as 3) Discussion:lt can be noted that (P1) is first decomposed

into two problems according to the possible decoding orders

(P5) max € (22a) For each problem, an iterative algorithm is proposed toinbta
URiS RS the optimal solutions for energy transfer time, CPU fredquyen
s.t. C2 — (4, (22b)  transmit power, and active beamforming. Therefore, the-com

(T—7)pi+r(T—7)f} <E (ugfg) _ (22¢) Putational complexity of the proposed Algorithm 3 mainly
depends on the number of iterations in the inner loop and
P (ugles) > Dy the complexity of Algorithms 1 and 2. Algorithm 1 has linear
computational complexity since it only executes closeurfo
Problem (P5) is a standard quadratic constraint quadratigdates. Thus, the computational complexity of Algorithm
programming (QCQP) problem which can be effectively can be given byO; (L;Ls), where L; and L, are the
solved by standard convex optimization algorithm. After ititeration numbers of Algorithm 1 for the outer loop and inner
eratively updatingulRIS and uRIS€ by solving (P5) until con- loop, respectively. For Algorithm 2, besides the closearfo

2
U Ue1.U
hRIS,APuRIShq,RIS‘ . (22d)
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Algorithm 2 Active beamforming design for two-user sceof the inner loop, we have

nario.
1. Initialize the vectorsals, upys, v, yR1S, and set
the iterative numbel = 0;

(1+1)
) Ue . De _RIS RIS
2. while ‘Q(uRlsv Ugys, VY )

)
Ue D,
_Q(uRIeS’uRIS’,YRIS’yRIS) ‘ > do

3. Update(yRIS)(l) based on (23);
4. Update(yms)(l) based on (24);
5. repeat
6. Initialize the iterative index = 0;
7. Calculate= (upy;s) and P (ug’fs) based on
(20) and (21), respectively;
8. Solve the QCQP problem (P5) to obtain
U,e ®) D,e (t)
uRIS) vg_‘ums) '
9. Update the iterative index
10. Until the obje(c)tive function (()f)(PS) converges;
U/D,e ! U/D,e ¢ .
11 set(upld) = ()
12. 1=1+1;
13. end while

F (0,20, p0 q0) L p (04D g0 50 40
(;)F(T(H-l) FUED pO), u(l))(%)F(T(H—l) D p1+1) (D)

(%) Ja (T(l-ﬁ-l)’f(l-&—l)’p(l-&—l)’ u(l+1)) )
(27)

The inequalities (1)-(3) hold becausé'*?), f(+1) and
pU*+1) are optimal solutions to (P1) when all other variables
are fixed. The inequality (4) follows from the fact that Algo-
rithm 2 outputsu’*!) and guarantees the objective function
non-decreasing. Thus, the objective function of problet) (P
with a given decoding order gradually increases after each
iteration. In addition, since the total number of completgesk
bits is upper-bounded, the objective function must coreerg
after a limited number of iterations.

B. Problem formulation and algorithm design for multi-user
scenarios

For practical active STAR-RIS-assisted wireless-powered
MEC systems, it is inevitable to support more than two users.
Therefore, building upon the solution for the two-user sce-
nario, we now formulate the completed task bits maximizatio
problem for multi-user scenarios.

1) Problem formulation: When there are multiple users

Algorithm 3 Resource allocation and active beamformingy active STAR-RIS-assisted wireless-powered MEC systems

algorithm (RAABA) for two-user scenario.

1. Set the index number for decoding ordernas: 1;
2. while n <2 do

3. Initialize p, f, uQ{SU,T, and set = 0;

4 repeat

5. Calculaten based on (11);

6. Updater® based on (13);
7

8

Updatef(") based on (14);
. Updatep® based on Algorithm 1;
9. Updateu” based on Algorithm 2;

10. Update the iterative index=1[ + 1;

11. until the objective function of (P1) converges;
12. n=n-+1;

13. end while

14.Output 7w* = arg max F{;,;)(n) and the correspond-
; U/D
ing p,f,ugis’, 7

constraints C2-C5 in problem (P1) remain effective, while
constrains C1, C6, and C7 need to be modified to apply to
all users inZ. Besides, the channel allocation indicadpy, is
required to be taken into consideration. Thus, the comghlete
task bits maximization problem for multi-user scenarios ca
be formulated as

I
(P6) max » (LT + Lioee") (28a)
m Z:1
s.t. C2,C3,C4, 05, (28b)
(T—7)pi+K(T—71) fz3 < 7Pouti, Vi € Z, (28c)
0 S Di S PmaX7Vi € Ia (28d)
ngiSFmaxaViEIa (288)
I
> ik =2Vk €K, (28f)
=1
K
D Gk =1Viel (289)
k=1
0ir€{0,1},Vie L, ke K, (28h)

updating, it involves a sequence of QCQP problems which can

be solved using semi-definite programming (SDP). Hence, thwperez,, = {p,f,u, 7,7, d}. § 2 {06k }ie1 pex- Constraint
computational complexity of Algorithm 2 can be expressed &88f) represents each channel can be allocated to at most two
0, &L3L4(4M)3'5 , whereLs; and L, are iteration numbers users. (28g) indicates that each user can only occupy one
for the outer loop and inner loop of Algorithm 2 [24]. Withchannel. . o
01 and O, and denoting the iteration number for inner loop 2) Algorithm design:Compared to the two-user scenario, it
of Algorithm 3 asLs, the overall computational complexity!S more challenging to obtain the resource allocation atideac

of Algorithm 3 can be given by (2L5 (O + O2)), which is
in polynomial complexity.

beamforming solutions for problem (P6). This is because, in
addition to the joint optimization of energy transfer time,
transmit power, CPU frequency, and beamforming of active

Algorithm 3 executes the inner loop twice. For each iteraticSTAR-RIS, we must also determine which users should be
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paired to share the same channel when offloading task Hitgorithm 4 Matching-theory based user pairing algorithm.
to the AP. However, the user pairing problem for NOMA is 1. Initialize the preference lists of all users and channels
NP-hard [39]. To solve problem (P6), we first propose a user  based on their utilities. S&,, = Z, NF =0, NF =
pairing algorithm based on matching theory, and then extend (), N/ = (), andCF =) .

Algorithm 3 to solve (P6) with the optimized user pairing 2. repeat

strategy. Before introducing the user pairing algorithne w 3.  for ¢ in S, do

need to define the matching function, swap matching, and the4. Useri proposes to the best channel that has
swap-blocking pair. never rejected it before, i.ek € K\C? and
Definition 1:In the proposed matching modél,is defined updateN;;

as a matching function satisfying: (1L ()| = 1,Vi € Z; (2) 5. end for
|E (k)| =2,Vk € K; () E(i) =k if and only if i € E (k). 6. for kin K do

Conditions (1) and (2) correspond to constraints (28f) and 7. if the number of users iNy U N/ < 2 then
(28g) in (P6). Condition (3) indicates that if useis matched 8. Accept users iV}, and N = N2 U N,
with channelk, channelk is also matched with user 9. Remove the matched users fraip,;
Definition 2: A swap matching is defined as [40]-[42] 10. else
j , , , , . , . , 11. Channek keeps the most preferred 2 users;
EZ = {E\{(Z,E(Z)),(j,E(j))}}U{(27E(j)),(]7E(Z))}’279 12. Upda’[eNI?, N;?, Suns andCZR,
. | T @9 g3 engif
which means userand userj switch their offloading channels, 14 end for
while the other users maintain their current channels. 15' until S, — 0
Definition 3: For a matching model with matching function 7 ¢’ repeat o
E, (i,7) is a swap-blocking pair if and only if 17.  Forusei € N, search for another usgre N;
Vn e {i,j,E@G),E()}, U, (E}) > U, (), 18. if (4,7) is a swap-blocking paithen _
_ . ate the current matching state
o _ i (30) 18 Upd h hing
dn € {Z,j,E(’L),E(])},Un Ei > U, (E)v 19. else
20. Keep the current matching state;

where U, (Ef) and U,, (E) are utility functions ofn under 21. until No swap-blocking pair is found.
matching functionE{ and E, respectively. For usen, the
utility is its offloading data rate under corresponding rhatg
function, i.e,U, (EZ) = Ljij; Ly andUy, (E) = LZ?E(R)- For Swapping Process will end when there are no swap-
channel, the utility refers to the sum of offloading data rates blocking pairs.

for all users that are allocated to chanmelThus, we have

_ \ , With Algorithm 4, we can obtain the optimized matching
Un (E]) = ZE{(n) Lcég(n)m* andU, (E) = ZE(n) Lcﬁ:ffn),n- function E, which can be easily mapped in#9;. Since each
With the above definitions, the proposed matching-theoryser pair contains two users, we can extend Algorithm 3 to
based user pairing algorithm is summarizedAdgorithm 4.  solve (P6) with givery; .. Specifically, for the energy transfer
Algorithm 4 begins with Initialization (Steps 1-15), anceth time 7, it can still be calculated according to (13), but the
executes the Swapping Process (Steps 16-21) until thew isdifference lies ini € Z. Theorem 1 still holds for the multi-
swap-blocking pair. user scenarios. Thus, the optimal CPU frequency of users can

i) Initialization: Denote the sets of users allocated tB€ derived by (14). The transmit power of users in each pair
channelk, proposed to channet, and rejected by €an be obtained via Algorithm 1 under a specific decoding
channelk as N{*, N/, and N[, respectively. The set order. Finally, by expanding the user set to multiple users,
of channels rejected by uséis expressed a§%. The Algorithm 2 can output the active beamforming strategy for
set of unmatched users is given By,. The preference Problem (P6). Therefore, the proposed resource allocatioh
list can be generated by calculating utilities, where tH&etive beamforming algorithm for multi-user scenariosnee
inter-user interference is ignored since each channel FR&ABAM, can be summarized a&lgorithm 5.
not been allocated to any users. The transmit power3) Discussion:From Algorithm 5, it can be noted that the
of users is initialized a; ma.x. The phase shift and user pairing strategy is not updated during the iteratidnis T
amplitude for then-th element of STAR-RIS are set ags because if the user pairing strategy changes, the steuctu
0%¢ = 0 andBY¢ = Buax- At the end of initialization, of problem (P6) will also change, making it impossible to
all users are allocated to a specific channel. ensure the convergence of the proposed iterative algorithm

i)y Swapping Process: To further improve utilities, userddditionally, despite there arg//? potential decoding orders
will execute swap operations, where the swap amongdra the entire system, it is still much smaller tha in
swap-blocking pair ensures an increase in utilities. Dufraditional NOMA systems without a user pairing strategy
ing this process, the utility is calculated by consideringhen > 2.
the inter-user interference. Additionally, to preventflip The following provides a theoretical analysis of the com-
flopping in the Swapping Process, we assume that egmiitational complexity, convergence and optimality of the
useri can swap with another usgrat most twice. The proposed RAABAM algorithm. Since the iteration part of
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Algorlthm 5 Resource allocation and active beamformingased on above ana|y5isl our proposed RAABAM a|gorithm

algorithm for multi-user scenarios (RAABAM). can achieve the suboptimal solution to the completed task bi

1. Obtain user pairing strategy via Algorithm 4; maximization problem for multi-user scenarios.
2. Set the index number for decoding ordernas: 1; 4) Lower-complexity algorithm design:When solving
3. while n < 2/2 do problem (P1) with two users, we find that if one user is located
4. Initialize p, f, uQ{SU,T, and setl = 1; at the reflection space and the other one is located at the
5 repeat transmission space, the noise amplified by active STAR-RIS
6 Updater® based on (13); has different impacts on these two users, which complicates
7. for each user paido the optimization of users’ transmit power. In addition, doe
8 Updatef) based on (14); the coupling relationships of the two users’ transmit power
9. Updatep® based on Algorithm 1; in constraint C2 and the objective function, we adopt the
10. end for quadratic transform and design Algorithm 1 to tackle the
11. Update u¥ based on Algorithm 2; transmit power optimization iteratively. However, we meti
12. Update the iterative index= [ + 1; that if these two users are located at the same side of STAR-
13. until the objective function of (P6) converges; RIS, they experience identical noise amplified by the active
14. n=n+1,; STAR-RIS. Thus, we have the following Theorem 4.
15. end while . :

8 Theorem 4. When two users (i.e., usefsand j) occupying
16}%”?2;;:’;;? max Fiyg)(n) and the correspond- the same channel are located at the same side of STAR-RIS,

and the energy budget of STAR-RIS is sufficient, the optimal
transmit power of these two users in problem (P2) can be
given by
RAABAM algorithm is extended from Algorithm 3, its com- . . T Pout,j—k(T—7) £}

: H VYII? = min {pj,maxa (T—7) }
putational complexity and convergence are the same as weé , . e e
discussed in Section IlI-A 3). For Algorithm 4, given thaeth ,* — i {pq,max, TPout,5(T=7) 13 Pi|Biis.apURish] nis| _

31)

numbers of users and channels are limited and the utilities’ (=) " s apunishy ws|”

are upper bounded, the number of swap-blocking pairs is

limited. Therefore, Algorithm 4 will converge when no moreProof. See Appendix D. O
swap operations occur. The computational complexity for o ) )
initialization of Algorithm 4 mainly depends on the numbéro The above findings, along with Theorem 4, provide valu-
user proposals. In the worst case, each user makes a propd8l§ insights into reducing the complexity of the pro-
to all channels, and thus the computational complexity f®0Sed RAABAM (Algorithm 5). The low-complexity re-
initialization can be expressed @(IK). The computational Source allocation and active beamforming algorithm, named
complexity for swapping process is given 8y(1?). Thus, the L-RAABAM, is summar_|zed asAIgoth.rr) 6

overall computational complexity of user pairing in RAABAM I L-RAABAM algorithm, when initializing p, f,u and
can be expressed a3 (> + KI). When adopting the ex- 7. W€ can set the amplitude and pha§e shift pf each el-
haustive search algorithm to solve user pairing problem, tRment m(o?ctlve STAR-RIS's b?(%mformlng matrik® as
computational complexity can be expressed@$I!/25), (@E’/Dve) — 0.5 and (9Y/P = 0, respectively. The
which grows super-exponentially with the number of usess. Ay, energy transfer time is initialized a§” = Z. The initial

the number of users increases, the computational Comle)ﬂtansmit power and CPU frequency of usecan be set as
of exhaustive search algorithm becomes intolerable ansl thu(o) SO p P
_ out,i out,i

impractical for large-scale systems. P = a0 and ;) = ¢ (T O’ respectively. It
We next analyze the optimality of proposed RAABAM algo€an be found that the initial point gf, f,u andr can satisfy
rithm. The RAABAM algorithm starts by executing Algorithmall constraints of problem (P6). Then, by iteratively upagt
4 to obtain the user pairing strategy. The matching-theorg; f, u andr until convergence, we can obtain the suboptimal
based Algorithm 4 ensures that the obtained user pairiaglution to problem (P6) under the given user pairing strate
strategy is a stable matching, i.e., no swap-blocking paind decoding order.
exists in the system. Although Algorithm 4 cannot obtain the The diagrams of RAABAM and L-RAABAM are illustrated
globally optimal solution, it improves the utility through in Fig. 2. From Fig. 2, it can be seen that different from
finite number of swaps. With obtained user pairing strategR AABAM, the L-RAABAM algorithm in Fig. 2 (b) executes
the RAABAM algorithm performs an exhaustive search oveXlgorithm 4 separately for both reflection and transmission
all possible decoding orders in the outer loop to achieve tepaces, which ensures that any specific user can be paired
globally optimal decoding order. For each decoding ordes, twith another one located at the same side of the STAR-
inner loop of RAABAM algorithm adopts an alternating opti-RIS. Since the number of users and channels in reflection
mization approach to iteratively update the resource atlon and transmission spaces is half of the full space, the com-
and beamforming. The inner loop of RAABAM algorithmputational complexity of user pairing in L-RAABAM can
is a typical BCD algorithm, and it can achieve the locate given by O ((I? + KI)/2). It can be found that the
optimal solution with a fast convergence speed. Therefommputational complexity of user pairing can be signifibant
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Algorithm 6 Low-complexity RAABAM (L-RAABAM).
Algorithm 4

1. Execute Algorithm 4 separately for the reflection and
3. while n <2/2 do
‘,
[CPU frequency, f, } i Transmit power,a
‘ repeat
v [CPU frequency, /, ! I Transmit power,@
|

transmission spaces;
[ e A } [cClosed—form )] [Algorithm 1 ] [Algorithm 2]
I ! /U
I
| | 5.
I
} 1 ‘ 6. Updater(Y) based on (13);
Energy transfer I # + } Active f . . o
e ! | - | beamforming 7. or user pairs in two spac
} @PU frequency, f, } Transmit power,za } 8
I I '
| i | 9
| ‘ :

expression (12) xpression (13 2. Set the index number for decoding orderras: 1;
i 4. Initialize p, f, ‘1}[{)15 ,7, and setl = 1;
Updatef®) based on (14);

[CPU frequency, f, Transmitpowcr,;a Updatep(l) based on (31),
,,,,,,,,,,,,, i E—— 10. end for
Heration 11. Update ul”) based on Algorithm 2;
12. Update the iterative index=1[ + 1;

@ 13. until the objective function of (P6) converges;

Algorithm 4 14. n=n+1;

| 15. end while
Closed-form Closed-form | Closed-form . * -
[expression (12)} Eexpression (13)] I [expression (30)} [Algorlthm 2} 16'.OUtpUt 7= argmax F(pﬁ) (n) and the correspond
| S 1 ing {p,f,u,7,4}.
{Reflection !
! Space }
I |

L]

Energy transfer

|
@PU frequency, f,r| ! I Transmit power,}a
@PU frequency, f, i Transmit power,xa
time

|

|

|

|

|

|

|

|

|

|

i
} [CPU frequency, /| Transmit power,a

.ox !
Transmissi “\ [CPU frequency.f,, Transmit power,@

Space | |

| .

Active
beamforming

Transmission
space T -

Iteration

u / x
© i / AR S R
i 2 / ,// Reflection \\\r/i /,/'/ /
Fig. 2. (a) The diagram of Algorithm 5; (b) The diagram of Aliglom 6. 7 £ A space — /
AP /‘ (0,30) joowsers

reduced by executing Algorithm 4 separately in the reflectio v
and transmission spaces. Meanwhile, during the iteratfon o ”
L-RAABAM, the transmit power of users can be direCtIyF, 3. The simulati ;
updated by a closed-form expression rather than by exeg:utlr'lg' - 1@ simuiation seip-
Algorithm 1, which also effectively reduces the complexaty

transmit power optimization. gain. Other simulation parameters are listed in Table | for

clarity.

Fig. 4 illustrates the convergence behavior of the proposed
In this section, we present simulation results to evaluage talgorithms for both two-user and multi-user scenariossit i
performance of the proposed algorithms for the active STARssumed that there are 8 users when running the proposed

RIS-assisted wireless-powered MEC. The considered simuRAABAM and L-RAABAM (i.e., Algorithms 5 and 6). It
tion setup is shown in Fig. 3, where a Cartesian coordinatgn be seen that for all three algorithms, the total number
system is established with as the origin. The AP is locatedof completed task bits monotonically increases and stzsili

at (0,3,0). The users are distributed in a circular area withfter approximately 5-6 iterations, which verifies our prepd

a radius of 2 meters centered @t0,0,0). The STAR-RIS algorithms converge fast.

is deployed on ther — z plane, where both the and z Fig. 5 shows the average runtime of user pairing versus the
coordinates of the STAR-RIS are 0. The bandwidth for eactumber of users. When the number of users increases, the
subchannel is 1 MHz, and the mission period is 1 secondintime of the channel-gain-based algorithm remains yearl
We compare our proposed RAABAM and L-RAABAM with constant, since the channel-gain-based algorithm onlyires
three other schemes: 1) Exhaustive search, which explosesting users according to their channel gains. In contrast
every possible user pair to find the optimal solution ande®rnthe runtime of the RAABAM and L-RAABAM algorithms

as the upper bound for our proposed algorithms; 2) Randantrease with the number of users. This is because both the
pairing, which randomly pairs all users; and 3) Channehgainumber of user proposals in Initialization and the number
based algorithm [21], which successively pairs the useh wibf swap operations in Swapping Process increase with the
the highest channel gain with the user with the lowest chlannecrease of the number of users. By modifying the user

IV. SIMULATION RESULTS
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Fig. 4. The convergence behavior of proposed algorithms.
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SIMULATION PARAMETERS[43], [44] 0.018
S —8— RAABAM h
Parameters Default Values @ 001615 | RAABAM
Bandwidth, B 1 MHz = 0.014 —+— Channel-gain-based algorith
Noise powernip, nis -80 dBm £
Rician factor,wXp, wkis 3dB ;0.012—
Maximum CPU frequencyFimax 1 GHz 9 001
Effective capacitance coefficient, 107 5
The tolerant threshold; 1077 2 0.008} L
Maximum amplitude coefficient3max 5 §
Energy budget of STAR-RISIr1s 50 dBm S 0.006¢
Energy harvesting parameters, ¢, ¢ | 0.0233, 132.8, 0.011¢§ %0004
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pairing strategy, the proposed L-RAABAM algorithm achigve 1.0558 555 ‘59 5;95 ‘60 ‘605 o eis e
a _sm_JbstantlaI re_d_ucuon in runtime, thereby enabling mo " Transmit pbwer of APP '(dBm) '
efficient user pairing. AP

Fig. 6 shows the total number of completed task b"ﬁ . 6. The total number of completed task bits versts.
versus the transmit power of the AP. It can be observec?
that as the AP’s transmit power increases, the total number
of completed task bits also increases. This is because wicted/transmitted by all STAR-RIS’s elements respebtive
larger AP’s transmit power, users can harvest more energlyus, when the number of STAR-RIS's elements increases,
for local computing and task offloading. By optimizing thénigher channel gains can be achieved for both uplink task of-
user pairing strategy based on matching theory, our prabodading and downlink energy transfer. The improved dowklin
RAABAM and L-RAABAM achieve a greater total numberchannel gains can provide users with more energy for task
of completed task bits than random pairing and channelffloading and local computing, while the enhanced uplink
gain-based algorithms. For example, when the transmit povelannel gains improve the offloading data rate. As a redult, i
of the AP is 60 dBm, compared to the random pairingan be observed from Fig. 7 that the total number of completed
and channel-gain-based algorithms, the proposed RAABAfdsk bits within the mission period increases with the ghowt
improve the total number of completed task bits by 7.76%f the number of elements. Additionally, we note that the
and 4.39%, respectively. As expected, RAABAM performproposed RAABAM and L-RAABAM perform close to the
better than L-RAABAM since matching users across the fullxhaustive search but with much lower complexity, which
space is more likely to find a better solution than matchingerifies the effectiveness of the proposed algorithms.
them within reflection or transmission space separatelysTh Fig. 8 demonstrates the total number of completed task
RAABAM can manage the inter-user interference of NOMAits versus the maximum transmit power of users (Fgax).
more effectively and achieve higher offloading data rate. WhenP,,.. is below 10 dBm, users can offload task bits to the

Fig. 7 shows the total number of completed task bits versA® at the maximum transmit power. Thus, the total number of
the number of STAR-RIS's elements. With the assistancempleted task bits increases Bg.x grows. However, when
of STAR-RIS, users and the AP can coherently combing, ., further increases, the total number of completed task
the energy-carrying signals and task offloading signals reits ceases to increase since the harvested energy of users
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in the mission period is limited and users’ practical traitsmhe STAR-RIS to the origitD increases, for both passive and
power for task offloading cannot reach the bound of maximuggtive STAR-RIS. This is because the offloading data rate is
transmit power constraint. dominated by the cascaded channel gains between users and

Fig. 9 illustrates the impact of different RISs on the tot . ’ U Ue.U ‘2 e
number of completed task bits. Since active STAR-RIS %be AP, .., s apUpishipus| » which first decreases and

active traditional RIS incurs additional energy consumpti then increases as the distance from STAR-RIB ticreases.
when amplifying incident signals, we adjust the power d
the AP in the schemes with passive STAR-RIS and pass
traditional RIS asPap + Fris/7 for a fair comparison. On
one hand, it can be found that compared to traditional RI
the schemes with STAR-RIS can achieve better performancgs h}U{vIS_’APufU{.’IeSH . The amplified noise power decreases as
due to the extra DoFs provided by STAR-RIS. On the oth#ne distance between STAR-RIS and AP increases, resulting
hand, since the multiplicative fading effects can be overeo in an increased offloading data rate as the distance from the
by active STAR-RIS/RIS, the active schemes perform greatBTAR-RIS toO increases. When the number of STAR-RIS’s
better than the passive schemes. elements further increased/( = 20), the unamplified noise
Fig. 10 demonstrates the impacts of the STAR-RIS’s def the passive STAR-RIS cannot be ignored. In this case, the
ployment location on the total number of completed task bit®tal number of completed task bits increases as the distanc
From Fig. 10, we can observe that with a small number @fom the STAR-RIS toO for both passive and active STAR-
STAR-RIS’s elementsN/ = 2), the total number of completed RIS increases. These results provide valuable guidanadéor
task bits first decreases and then increases as the distante fleployment of active/passive STAR-RIS in wireless-powere

terestingly, whenM = 10, passive and active STAR-
S show different trends as the distance from the STAR-
S to O increases. This is because the active STAR-RIS
g‘multaneously amglifies the incident signals and noise, i.
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MEC systems. For instance, to maximize the total number of (P2). Therefore, the equivalence between (32) and (P2)
completed task bits, if the number of STAR-RIS elements is established. Next, with fixed,, we apply the quadratic
small, it should be deployed near the AP or users. Converseatansform to the two ratio terms in (32), and (32) can be

it should be deployed close to users. rewritten as the objective function of (P3) (referred to as
G (p,7,y)). G(p,7,y) is also concave with respect 9.
V. CONCLUSIONS Similar to~, by settingV,G to 0, we can obtain

In this paper, we have investigated the active STAR-RIS-  « _ «(14+7)p;|[hfiis apupichf ms|”
assisted wireless-powered MEC systems under the NOMA 7 L N
protocol. The active STAR-RIS was deployed to enhance ,+ _ w(1479)pq|hiis apupishe s | _
the efficiency of both energy transfer and task offloading by ¢  Pa|bRis apurishy ms| +nfus [ bR apuris|[*+nde
reflecting/transmitting and amplifying signals. Begirmiwith

a two-user scenario, we proposed RAABA to maximize t orm of (32), which means the equivalence between (32) and

total number of completed task bits by optimizing the ener . . o
transfer time, decoding order, transmit power, CPU freqye%ﬁ?’e)(');?:rze';grg’rés:g is equivalent to (P3). The conclusl.on

of users, and beamforming of the active STAR-RIS. The
by leveraging a matching-theory-based user pairing alyori
we extended RAABA to general multi-user scenarios. Fufrther APPENDIX C

more, we reduced the computational complexity of RAABAM PROOF OF THEOREM 3

by modifying the matching process and deriving the closed-Proof: When~ andy are given, problem (P3) is a convex
form expression for users’ transmit power, and proposed Bptimization problem, since the objective function is cave
RAABAM. Simulation results demonstrated the effectivenegvith respect top; and all constraints are linear. Therefore, we
of RAABAM and L-RAABAM and provided insights for the can adopt the Lagrangian dual method to derive its closed-
optimal deployment locations of active STAR-RIS in wireles form solution. The Lagrangian function of problem (P3) can

)

(34)
substituting (34) into (P3) (p,~,y) can recover as the

powered MEC systems. be expressed as
U,e
APPENDIX A LA)= X 2yi\/(1+%)wpi hiis ApURis gRIS’
PROOF OF THEOREM 1 =loa ,
Proof: The derivative of the objective function with respect 77 \ ©7| RIS, AP TRIS™j RIS ~q
to f; can be derived asTC;T > 0. Hence, the objective 9 U Ue U ‘2 9 H U U,5H2 9
function of (P1) is a monotonic increasing function ¢f ~a (Pa|hfus apUrishgris| +7us|PRis apUris|| +7Ap)

Assume that the optimal sglution to problem (Pl)zis If +1 (¥ — Eris) + T, (35)
(T—1)pi" + k(T —7)(ff) < TPout,i and f < Fuax, B B

we can increasg;" to further increase the objective functionwr:]ere/k} - {p:j,pqhn}aT_— 21:(%}4/{ (w l.or% (1+7:) - C‘W_i)'
Hence, the assumed optimal solution is not optimal. Thukhen: by setting the derivation df(A) with respect t;, i €

Theorem 1 is proved. m /:4) @s 0, we can obtain

U,
y7 (1+'7i)W‘thS,APuRIeSthIS‘

APPENDIX B pi= -
PROOF OF THEOREM 2 Ue 2 Ue 2
o ) . (%2 thS,APuRISthIS‘ _n2${r,t} ’uRIS z['{RISH
Proof: The objective function of (P2) can be first trans- (36)

formed into Finally, taking the constraints C1, C6, and (15c) into actpu

F(p,v)= > wbg(1+7i)+W(H’VJ‘)PJ‘|hgls,AP“§i§h§{ms|2 the optimal transmit power of usérand userj can be given

={j.q} pi|BEis apuRishY ps| by (17). The conclusion in Theorem 3 is proved. [ |
_ Z w; + W(H’Yq)Pq|h1%ls,APuKi§hg,RIs|2 ; .
={j,q} ' Pa|brs apurishy pis| ks [|biis apuris || +nip APPENDIX D
(32) PROOF OF THEOREM 4

It can be found that” (p, ) is a concave and differentiable  pof: |n problem (P2), if usey and user are located at

function over-; whenp; is fixed. Thus,y; can be optimally the same side of STAR-RIS, the derivatives of the objective

determined by setting the derivative &6f(p,~) with respect ,nction with respect tp; and p, can be given byD2,» _

; i i e 2 e
to ~; as zero. By doing so, we can obtain |05 arulish? s and D — |05 apuZishY ]
e 2 - e 2 1
N = Pj|thS,Apugi§h§{ms|2 Pj|hgls,?19u%ishﬁ,ms bq. thq i bpjg%gIS,APalgBhg{RId +&q
i — e 2 e |2 respectvely. IS ObVvIOouS al [0} ian are non-
J p4|thS,APugISh¢SJ,RIS| Jrn2RIsthls,AP“gIsH +n3p’ P Y J 4

2 negative. Thus, the objective function of (P2) is monotalhyc
increasing with respect t@; and p,. For constraint C2,
(33) since Egrjs is large enough, C2 always holds even when
Then, by substitutingy; and ~; into (32), we can obtain p; and p, reach their maximum values within the feasible
F (p,7*) which is the same with the objective functiorregion. Therefore, considering C1, C6, and (15c), the agdtim

U U,e, U
’Y* _ Pq|hRIs,AP“mshq,RIs|
q 2 U U,e”2 2
"Rls”hRIS,AP“RIs tnap
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solutions forp; and p, are given by (31). This proves the[23] X.Mu, Y. Liu etal, “Joint beamforming optimization for simultaneously

conclusion in Theorem 4.
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