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Abstract—The wireless-powered mobile edge computing
(MEC) has emerged as a promising technique to provide energy
supplies and computing services for users in Internet of Thigs !
(loT). However, the limited computational resources and por | N
channel conditions in traditional wireless-powered MEC sgtems " gﬁ N\ CN
hinder their ability to meet growing user demands. In this pger, A - \
we propose a novel beyond-diagonal reconfigurable intellent
surface (BD-RIS) assisted wireless-powered cooperative BC
model to address these challenges. To maximize the total niner
of completed task bits, we develop a joint resource allocaih and Diagram of fully-connected BD-RIS
beamforming algorithm based on the penalty and Riemannian ) )
trust-region methods to jointly optimize the energy transker Fig- 1. The BD-RIS-assisted wireless-powered cooperafie.
time, transmit power, CPU frequencies of users, bandwidth BD-RIS introduces inter-element connections. This fully-
allocation, and the beamforming of BD-RIS. Simulation reslts —onnected structure allows BD-RIS to adjust both diagond! a

demonstrate that the proposed cooperative computing model di | el f the b f . . fferi
significantly improves the total number of completed task bis non-diagonal elements of the beamforming matrix, offering

and highlights the superiority of fully-connected BD-RIS over greater degrees of freedom (DoFs) for signal propagation
RIS and simultaneous transmission and reflection RIS (STAR- manipulation [10]. It has been proved that via inter-elemen
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RIS) in wireless-powered MEC systems. connections, the BD-RIS can further improve the upper
Index Terms—Wireless-powered cooperative MEC, BD-RIS, bound of the cascaded channel gains compared to traditional
resource allocation, beamforming design. RIS. While conceptually promising, the performance gain

of fully-connected BD-RIS over single-connected RIS/STAR
RIS in wireless-powered cooperative MEC remains unclear
In recent years, driven by the requirements to extend thed requires further investigations. Besides, considetire
battery life of users while simultaneously providing therthw increased dimensionality of the optimization variabled tire
enhanced computational capabilities, the wireless-petveo- increased coupling among them, the beamforming design for
operative mobile edge computing (MEC) has drawn signifine BD-RIS is more challenging than that for conventional
cant attentions [1]-[3]. However, when the channels betweRIS. A physics-compliant equivalent diagonal represéorat
the access point (AP)/cooperative node (CN) and users amethod for BD-RIS is proposed in [11] that enables the
blocked, both the efficiency of energy transfer and task adflo direct application of algorithms developed for convengbn
ing will be degraded. Fortunately, the reconfigurable ligeht RIS to BD-RIS. However, since our study does not focus on
surface (RIS)/simultaneous transmission and reflectioB Rihe hardware specifics of BD-RIS, we do not leverage this
(STAR-RIS), characterized by its ability to reconfigure thdiagonal representation in this letter.
wireless propagation environment, can be seamlessly embriven by the above observations, in this paper, we investi-
ployed in the wireless-powered MEC to improve the efficienayate the BD-RIS-assisted wireless-powered cooperativ€ ME
of both energy transfer and task offloading [4]-[8]. where the users can simultaneously offload task bits to the
Nevertheless, the beamforming matrix of RIS/STAR-RIS I8P and CN under the assistance of BD-RIS. A joint resource
constrained to be diagonal, which heavily limits the pdtsat allocation and beamforming algorithm based on the penalty
of RIS/STAR-RIS [9]. To address this issue, the new conceptethod and Riemannian trust-region method is proposed to
of beyond diagonal RIS (BD-RIS) is recently proposed. Unlikmaximize the total number of completed task bits. Simula-
RIS/STAR-RIS, where each element operates independentilgn results demonstrate the proposed algorithm can furthe
improve the total number of completed task bits, and reveal
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OF c cM*M and ©P ¢ CM*M | respectively'. The direct thatd;, is pre-given.s; , is computed based on their initial
links among the AP and users are assumed to be blockeddmannel gains to the AP. Specifically, all users are firstednk
obstacles [12]. The downlink channels from AP to the BD-RI# descending order based on their initial channel gaind, an
and that from BD-RIS to user € Z can be represented ashen the user with the highest channel gain is successively
ng,ms andHﬁ’ISJ., respectively. Similar to [12], the Rician paired with the user with the lowest channel gain until all
fading channel model is adopted for all channels involved users are paired. All users in clustercan simultaneously
this paper. Taking the downlink channel from the BD-RIS toffload task bits to the AP via NOMA, with the bandwidth for
useri as an example, we haldR,s , = — HLS . + NOMA in cluster k denoted asBYOMA | Given the transmit

’ S ' power of user to AP aspNOMA, useri’s offloading data rate
via NOMA can be expressed as

- ﬂ;s,ng%S‘{%, where crrs,; indicates the Rician factor.

HES, and HEgg,; are line-of-sight (LoS) and non-LoS

K 5. p)NOMA NOMA
(NLoS) components, respectively. The LoS compori@hts RFOMA:Z (T —7) BYOMA Jog (1+ kDi — >,
can be given byHkSS , = Lris,iefys ; (Bris.i, Tris.i) , where = Lp+By NAp
Lris,; represents the distance-dependent path loss between )

where hNOMA  — ]HERISQQH%SVAP]Q and Ty =
i1z 0P NOMARNOMA, Uy i and HE g 4 p are uplink
rchannels from usei to BD-RIS and that from BD-RIS to
the AP, respectivelyn?, is the variance of the additive

user i and BD-RIS. We haveLgis; = W/Lodgf‘srfjs*i,
where L, is the path loss at a reference distance of 1
dris,; denotes the distance between the BD-RIS and use

ORIS, i .represents .the path .IOSS facte%}s’i (B RIS}Q’Z?I,S*Z') ~  white Gaussian noise (AWGN) at the AB®U represents
{exp (jm (m — 1) sin Bris i sinyris,i) b,y € CV70 IS the e heamforming matrix of BD-RIS for task offloading. By
receive array steering vectors with the effective aqgles Qajusting ®U and ©P in the corresponding phase, we can
arrival (AOAS). fris; and qris,; represent thﬁL gz|muth fully harness the potential of BD-RIS, thereby meeting the
and elevation of AOA. The NLoS componeBi;; can istinct requirements of reconfiguring the wireless praiag
be expressed a#ljg; = Lris,inris,i- where 7ris; ~  environment during task offloading and energy transfer.
CN (0,Tar). Denote the transmit power of AP and the energy \when user; in cluster k offload task bits to the AP via

transfer time ag’sp andr. In this paper, we adopta non-lineaiopma, it can simultaneously offload task bits to the CN via

energy harvesting model which takes the circuit saturatigf\ya under different frequency bands. Denote the allocated
effects into consideration. The energy power that uservest oA pandwidth for user in clusterk as BOMA The total

during T can be expresseg as [8] o bandwidth for OMA in clustek: can be expressed &M* =
har _ — 1) oL, 6,,BOMA The offloading data rate of uséto the CN
i ) L _ ) i=1 %k - g
(1=) (1+exp (4 (Bupu.i =) (1-x) via OMA can be expressed as
where x = 1/(14+exp(¢p¢)). v, 3, and ¢ are con- K
stants related to the circuit specification$’ ;= OMA OMA 0 rp?MARPMA
9 input,i R; :Z (T'—7) B}, " log 1+BONT , (4)
Pap| HR g ;OPHY, 1s|”, wheree = {t,r}. If useri is — kTN
located at the refection spacesr; otherwise,e=t 2. wherep®MA s the transmit power of userto CN. hOMA —

With the harvested energy, users will simultaneously pe]ITIURISGUHgIS CN|2, where HY ¢ . is the channel from
form local computing and task offloading in the rest of miesioBd_’RB tz) CN.h%N is the variance of AWGN at the CN.

period. For local computing, the number of completed tatk bi Thus, the total offloading data rate of us@an be expressed
and the energy consumption of usecan be expressed as 55 pH _ RNOMA | [ROMA
? 3 3 b

lo fl (T - T) loc
L = Ta B =r(T—7) 1-37 (2) B. Problem Formulation

wheref; is the CPU frequency of usérC; is the CPU cycles  In this paper, we aim to maximize the total number of
required for processing 1-bit of task-input data, anés the completed task bits. Accordingly, the optimization praoble

capacitance coefficient. can be formulated as

When users perform task offloading, a hybrid NOMA I
protocol is adopted. Specifically, it is assumed that every t  (P1)  max (R + L) (5a)
users form a cluster. The two-user NOMA configuration can PSS
achieve a balance between spectral efficiency improvement  s.t. BYMA + BYOMA < By vk, (5b)
and implementation feasibility, which has been widely addp (T—7) (pi_\IOMA +p§3MA) +ElC<EM 7 i (5c)
in numerous literature. If userbelongs to clustek € K, we i @ 1 (5d)
haved; , = 1; otherwise,d; , = 0. In this paper, to ensure D/u=D/U = M
the convergence of proposed iterative algorithms, we assum 0<7<T, (5e)

P OMA + pPMA < P, Vi, (5f)

1The beamforming matrices are sub-matrices of the scatenatrices [12], .
which can be converted into an impedance matrix for circagign. 0 < fi < Fiax, Vi, (59)
2A linear cascaded channel model is adopted in this papeghiignores A

A NOMA , OMA A
the mutual coupling caused by the proximity and multipatbppgation [13]. where p = {pi ' Di }»L'GI’ f = {fiticcx B =

The resource allocation and beamforming design based om tical H
9 il b work. | { BOMA, BYOMA L ;and¥ = @/, eP"| . (5b)

channel model, such as the PhysFad [14], will be left as oturduwork. ) )
i€Z, kel



represents that the total bandwidth of each cluster is dividwherey; is the penalty factor. Due to the non-convex objective
into the NOMA bandwidth and OMA bandwidth. (5¢) impliesfunction (9a) and the unitary constraint (9b), (P3) is still
that the energy consumption of users must not exceed ttfellenging to solve. Fortunately, by leveraging the geoime
energy they have harvested. (5d) is the unique constrgmbperties of unitary constraint, the Riemannian trugiee
of fully-connected BD-RIS. We do not specify any othemethod can avoid the violations of constraint (9b). Meareyhi
mathematical characteristics & and ®P. [10] compared to the other Riemannian manifold methods, such as
the Riemannian Newton’s method and Riemannian conjugate
gradient method, the Riemannian trust-region method can
Problem (P1) is a non-convex problem since constraigickle the non-convex objective function (9a), and enshee t
(5d) is a unitary constraint, and the optimization variablgylobal convergence. Therefore, in this paper, we adopt the R
are highly coupled with each other. Meanwhile, problefhannian trust-region method to optimize the the beamfogmin
(P1) is also a feasibility-check problem because the downliof BD-RIS. Specifically, constraint (9b) forms a complex
beamforming of BD-RIS is independent of the objectivgtiefel manifold, i.e.,
function. Therefore, in order to solve such a challenging )
optimization problem, we propose a joint resource allocati M= {‘I’D/U e CHM L wE Wp )y = IM} . (10)
and beamforming algorithm based on the penalty method and
the Riemannian trust-region method, where the energyfeans At the i-th iteration, the tangent space of manifold can
time, transmit power, CPU frequencies, bandwidth allacati be given by
and the beamforming of BD-RIS can be iteratively optimized. nH
Firstly, with givenp, f, B, and ¥, we derive the closed- T‘I'(L?/UM - {T : R{\I’(D)/UT} - OM}' (11)
form expression for the optimal energy transfer time. Ifruse

i belongs to clustek, the derivative of the objective function Define the objective function of (P3) ag(¥). During

IIl. JOINT RESOURCE ALLOCATION AND BEAMFORMING

of (P1) with respect ta- can be given by the I-th iteration, the trust region subproblem of (P3) can be
. NOMA 1 NOMA
V., (R?'i‘LiOC) :_Bllc\TOIVIA 10g(1+ Jlf‘i?.BkNOI\’I}XniP (6) formulated as " o
+ o pOMALOMA . P4 = v ) Vilw ),
~BOMA log (14248 — ) — L. ( )nerf(ix =1 (w0) +(vs ( ")
D/U
It can be found tha¥/ (R + L!°°) < 0 always holds, which 1/ s
- T i = . ’ ) z 0
indicates that the objective function of (P1) is a monotaltyc + 92 <V f (‘I' ) > 77> (12a)
decreasing function of and the optimal solution te can be st g < A®, (12b)

decided by its lower bound. Thus, considering the congsain

. } i i 1)
(5¢) and (5e), the closed-form expression for optimal epery/"€reA represents the radius of trust(lgegleémf (e, n)
transfer time can be derived as Fepresents the inner product & f (¥()) and 7. Although

T (pNOMA 4 yOMA 4 . 3 problem (P4) can b_e_ tackled according_ to the Ka_rush-Kuhn-
7% = min i i LA (7) Tucker (KKT) conditions, the complexity of solving KKT
{Eihar + pROMA 4 pPMA 4 g f } equations will be intolerable when the number of BD-RIS’s
Then, with obtained*, and given®, (P1) is reformulated as elements is large. Thus, a Steihaug-Toint truncated caigug
I gradient method is adopted to solve (P4), which is summarize
(P2) max > (RM+ L) 8 3 Algorithm 1.
=1

.t. (5b), (5¢), (5f), (5g). , o .
Si bl i P(2 ) (5¢). ( d) (dg) o During thet-th iteration of Algorithm 1, there are two con-
ince problem (P2) is a standard convex optimization proBl'tional statements, which are the negative curvature itiond

lem, it can be solved via efficient numerical methods, such 8% (V2f (®)d®, dD) < 0) and the trust region boundary
the interior-point method. condition (i.e., [|[n**V|| > A), respectively. The negative

Finally, with obtainedr", p*, ¥, and B, we focus on curvature condition prevents the algorithm from procegdin

the beamforming design for BD-RIS. Since the 0pt|m|zat|oglong a descent direction. The trust region boundary cmmdit

varlaple\IlD In constraint (_SC) is irrelevant with the 0bjecuveensures each iteration’s solution remains within the tregibn
function (5a), to tackle this problem, the penalty method

- S : . Fadius. When one of these two conditions is satisfied, we need
utilized to reformulate the objective function, where doaisit

i ; o o : to update the step length®) to ensure the solution of (P4)
(5¢) is incorporated into the original objective functidia] as lies on the boundary of the trust region. Thus, by solving the
a penalty term. Thus, problem (P1) can be reformulated asequatioan(t> n )‘(t)d(t)H — A, we can obtain the closed-

form expression oA(Y) as

I
(P3) max (R? + Lioc)
o o _ = (09.29) +(0©.a0)7 -0 (a0,a0)
I A — 7
+Zui (EPr7— (T —7) (pNOMA 4 pOMA) 4 Eloc)) (d®,d®) w3
=1

(9a) wherev®) = A2—(n(® »®) With Algorithm 1, the Rieman-
nian trust-region algorithm for solving (P3) is summarized
Algorithm 2. In Algorithm 2, the trust region radius is upedt

s.t.\Ilg/U‘IlD/U =1y, (9b)



Algorithm 1 Steihaug-Toint truncated conjugate gradienilgorithm 2 Riemannian trust-region algorithm for solving

method for solving (P4) problem (P3)
1. Initialize: Setn©® = 0,79 = Vf (¥),d® = -, 1. Initialize (), A9 and set = 0;
t =0, andb = 0; 2. repeat
2. while H”(t)H > H”(O)H min {,{, HT(O)HE} do 3. Run Algorithm 1 to obtaim®);
3. if (V2f(®)d®,d®) <0 then 4.  Calculatep” and A®) based on (14) and (15);
) H l
4, Calculate\® based on (13); 5. if pf ()z+>1)< then O
5. Sety, = n® + XVd® andb = 1; 6. WY = Retrgn(n™);
6 break 7 eIse(lH) W
7. end if 8w =wi
8.  a®— <T(t)’r(t)>/<v2f(®)d(t)7d(t)>; 9. endif
9. ptt) = p®) 4 oBq®); 10.  I=1+1
10 if H”<t+1)|| > A then 11. until the convergence of (P3) ér> N
11. Calculate\) based on (13); _ _ . .
12. m =1 + \d® andb = 1; Algorithm 3 Joint resource allocation and beamforming algo-
13. break rithm for BD-RIS-assisted wireless-powered cooperatiEeV
14. end if 1. Initialize p(@, £ BO) w() +0) and set = 0;

15. 70D = O 4 OV f(B)dD);

I I
i H loc (H1) H loc @)
16, BUTD — (bt (1) /(p(®) ) 2.while |- (RE+LI) - (RE+Lic)" | >edo

=1 =1
17.  dUHD = (D) 4 g+ ). 3.  Calculater®” based on (1);
18. t=t+1; 4.  Solve problem (P2) to obtaip®, f() andB®;
19. end while 5.  Run Algorithm 2 to obtain¥®);
20.1 =n®; 6. l=1+1;
21.if b==1 then 7. end while
22, n=m;
23.end if

IV. SIMULATION RESULTS

In this section, simulation results are provided to evauat
the performance of proposed algorithms. In the simulations
f (\Il(”) iy (Retr ( (l))) the users are distributed in a circular area with a radius of 2
oD = w® \1 (14) Mmeters centered 410,0,0). The AP, CN, and the BD-RIS are

based orp™, which is given by

3

mgo (0) — mgw (n(l)) located at(0, 3,0), (12,3,0), and(8,0,0) respectively. Other
where Retr (-) is the retraction functionp® represents the simulation parameters are listed in Table | for clarity.
degree of approximation between(n) and f (¥). A smaller Fig. 2(a) displays the total number of completed task bits
oW indicates that the approximation is inadequate. The ne4@rsusPap, Where the proposed algorithm is compared with
iteration cannot sufficiently reduce the objective funcfiand three other schemes. We observe thatPas increases, the
thus the trust region radius should be reduced. Otherwise, fotal number of completed task bits also increases for all
trust region radius can be increased at the next iterationSghemes. This is because users can harvest more energy
accelerate convergence. Defide and 3, as the coefficients Used for local computing and task offloading when the AP
related to the update of trust region radius, withe (0,1) adopts a larger transmit power. It is worth noting that our

and 3, > 1. The trust region radius at thé+ 1)-th iteration Proposed algorithm can achieve higher total number of com-
can be updated as pleted task bits than STAR-RIS and T-RIS in the wireless-

BAD i 0 0) ) powered cooperative MEC. This is because thanks to the inter
1 , 1 < p\ < ag; . . L
AGD Z ) AW i gy < )0 < ay: (15) element connections, theT BD-RIS can provide more flexjbilit
AD i W <1 for chz_;mnel reconf|gur§tlon than STAR-RIS a_nd T-RIS, and
Ba > ! O‘? <SPS thus higher channel gain for both task offloading and energy
wherea; anda, are constants, with < oy < ap <1. transfer can be achieved. Besides, we also find that even with
By executing Algorithm 2, we can obtain the beamforminthe help of BD-RIS, the scheme without CN always exhibits
strategy of BD-RIS. Based on the above solutions, i, f, B, the worst performance, which underscores the advantages of
and ¥, the joint resource allocation and beamforming algaooperative computing for wireless-powered MEC.
rithm for BD-RIS-assisted wireless-powered cooperatieeV  Fig. 2(b) presents the total number of completed task bits
is summarized as Algorithm 3, which is in polynomial comversusM . As expected, whed/ increases, the total number
plexity. In practical implementation, Algorithm 3 is exeéed at of completed task bits also increases since larger beamform
the BS, and then the BS distributes the optimized parameterg gain can be achieved by RIS with a larger number of
to users, BD-RIS, and the CN. Besides, since the objectiglements. More importantly, in wireless-powered coopezat
function of problem (P1) is upper-bounded and non-decngasiMEC, the performance gap of BD-RIS over STAR-RIS/T-
after each iteration, Algorithm 3 is guaranteed to convgBfle RIS also widens as\/ increases. This is because with the
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TABLE |

SIMULATION PARAMETERS

Parameters Default Values
Number of users/ 4

Bandwidth, By, 1 MHz

Noise powernip, ney -80 dBm
Rician factor,¢ 3 dB

Maximum CPU frequencyFmax 1 GHz
Capacitance coefficient; 10~ %

Energy harvesting parametets, ¢, ¢ | 0.0233, 132.8, 0.011§

completed task bits, an iterative algorithm based on thalpen
method and Riemannian trust-region method was proposed
to optimize the resource allocation and beamforming design
of BD-RIS. Simulation results demonstrated that the BD-RIS
outperformed the T-RIS and STAR-RIS in wireless-powered
MEC. More importantly, the proposed algorithm can achieve
higher total number of completed task bits than the scheme
without CN even under a larger path loss factor between BD-
RIS and CN, which highlighted the necessity to deploy CN in
wireless-powered MEC.

increase of the number of RIS’s elements, the dimension of
beamforming matrix expands, and the number of non-diagongj
elements which can be adjusted by BD-RIS also increases.
Therefore, the performance improvement achieved by BD-RI
becomes more significant compared to STAR-RIS/T-RIS whe ]
there are a larger number of RIS’s elements.

Fig. 2(c) shows the impacts of path loss factors betweekd!
RIS and AP/CN on the total number of completed task bits.
Besides the scheme of BD-RIS without CN, the performancig]
of all schemes decrease with the increasesdf; and a{l.

This is because the channel gains between RIS and AP/GY
decrease with the increase @ff; anda{Y;. Since the users
in BD-RIS without CN do not offload task bits to the CN,
the total number of completed task bits remains unaffecsed éG]
oY, increases. Moreover, it is observed that the impacts of
akts on the total number of completed task bits is significantly’)
greater than that ofi;l. This is because when the channel
gains between the AP and RIS degrade, in addition to the]
decrease of users’ offloading data rate, the energy hadveste
by users also reduces. Additionally, we also find that@g (g
increases, the performance gain of our proposed algorithm
over BD-RIS without CN diminishes. Nevertheless, since tho
CN is deployed closer to users, the channel gain betwees u er]
and CN is still higher than that between users and AP even
when o§Y, = 3.2. Therefore, even with a largerGy; , our (1]
proposed algorithm still performs greatly better than B3R
without CN, which demonstrates the necessity to deploy Qhv]
for improving the total number of completed task bits in BD-
RIS-assisted wireless-powered MEC.

V. CONCLUSIONS [13]

This paper proposed a novel BD-RIS-assisted Wireleﬁ'ﬁ]
powered cooperative MEC to satisfy the increasing compu-
tational demands of users. To maximize the total number of
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