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Abstract—In this paper, we develop an energy minimization
framework for wireless-powered multi-access edge computing
(WP-MEC) networks, where two zero-energy reconfigurable
intelligent surfaces (zeRISs) are employed to support energy
harvesting and task offloading. In the downlink energy har-
vesting period, the hybrid access point (HAP) provides energy
beamforming for multiple zero-energy devices and two zeRISs,
where the harvested energy is used to offload tasks in the uplink
period. Specifically, an optimization problem is formulated to
minimize the energy consumption at the HAP, jointly considering
the nonlinear energy harvesting model and the cascaded RIS link.
Next, an efficient iterative solution is designed to realize joint
time allocation, HAP energy beamforming, and reflection coef-
ficients for two-RIS by employing alternating optimization and
semidefinite relaxation methods. Numerical results demonstrate
the superiority of the algorithm. Compared to the corresponding
single RIS setup, the energy consumption of the HAP under the
proposed two-zeRIS scheme is significantly reduced.

Index Terms—Reconfigurable intelligent surfaces (RISs), wire-
less powered multi-access edge computing (WP-MEC), nonlinear
energy harvesting, zero-energy devices (ZEDs), alternating opti-
mization (AQ) algorithm.

I. INTRODUCTION

With the rapid development of sixth generation (6G) wire-
less networks, massive immersive and innovative applications,
such as virtual reality, remote healthcare, and smart home man-
agement can be accessed promptly and easily via smart devices
[1]. However, these advanced applications may potentially
result in high power consumption; thus, how to charge the
power-limited devices and tablets flexibly and rapidly presents
a significant challenge in 6G networks. To tackle this difficulty,
wireless power transfer (WPT), which offers a new mode
for zero-energy devices (ZEDs) delivering power without
traditional batteries, has become one strong technical enabler
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[2]. ZEDs harvest energy from the environment and operate
intermittently, eliminating the need for batteries or manual
charging to operate. Unlike information decoding, WPT tech-
nology primarily focuses on effective energy transmission [3],
[4]. Tt is noted that WPT has been a well-investigated topic
in the last decade, and several fundamental contributions have
been made. Indicatively, the authors in [5] introduced a two-
stage water-filling energy scheduling scheme in an energy
harvesting-driven device-to-device relay network. Moreover,
the authors in [6] investigated a WPT system utilizing a large-
scale antenna array, where the effective range of WPT can
be widely extended. However, due to the significant distance-
dependent attenuation, power-constrained edge devices can
only harvest a small portion of the transmitted energy, limiting
the charging performance.

To support the harvesting process, reconfigurable intelligent
surfaces (RISs), which provide strong energy beamforming
gain by intelligently adjusting the reflection coefficient [7],
were used to reconstruct the wireless channels between the
transceivers and reduce power consumption at the source [8],
[O]. With the help of RISs, not only the network capacity but
also the energy efficiency in WPT networks can be greatly
improved [10]-[12]. The work in [13] analyzed the effects
of reflection coefficient errors and hardware imperfections
in transceivers on RIS-supported wireless-powered Internet
of Things networks. In addition, [14] also used a RIS to
support WPT networks due to the passive beamforming gain
of the RIS. More recently, zero-energy RIS (zeRIS), capable of
absorbing energy from an external energy supply, has attracted
increasing attention in WPT networks [15], [16]. In [15], a
zero-energy RIS is used to harvest energy from a HAP to
sustain its operation. The work in [16] presented an efficient
solution that meets the power demands of energy devices
and RIS in synchronized terahertz information and power
transmission systems. Deploying multiple distributed RISs can
significantly enhance performance compared to a single RIS
[17], the use of double RISs under a cascaded RIS system is
expected to enhance system performance by reducing energy
consumption through the introduction of cascaded reflection
links [18]. However, when the number of RISs increases to
three, the resulting path loss exceeds the beamforming gain
achieved by the cascaded RIS system as a result of the path
loss term’s multiplicative effect [19].

On the other hand, multi-access edge computing (MEC) also
known as mobile edge computing, which enables devices to
offload tasks to edge servers via wireless channels, is another
important technology in 6G networks [20]. In the context of
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RIS-assisted MEC systems, several noteworthy works have
focused on minimizing the energy and operational cost [21]-
[25]. In [21] and [22], a single RIS was utilized to adjust
the wireless propagation environment and enhance transmis-
sion rates in offloading links. With the goal of minimizing
energy consumption across all user equipment (UEs), the
authors in [24] studied a scalable resource scheduling algo-
rithm for unmanned aerial vehicle (UAV)-enabled RIS-assisted
dynamic MEC systems. The security performance of the RIS-
MEC system was discussed in [25], where one RIS was
deployed to strengthen the user’s signal while weakening the
eavesdropper’s signal. Moreover, the latency and throughput
performance in RIS-assisted MEC systems was investigated
in [26]-[28]. In particular, the authors in [27] considered
minimizing the offloading delay by jointly optimizing the
channel allocation, beamwidth allocation, offloading rate, and
power control. To further enhance the offloading capability,
two RISs were deployed to speed up the offloading rate where
the cascaded link between RISs was considered [29].

Embedding WPT in MEC networks is appealing because the
power limitations of edge devices can be well compensated.
The applications enabled by WP-MEC fall into three main
categories: Internet of Things (IoT) networks, wireless sensor
networks, and smart grids. In [30], wireless devices receive
energy through WPT from an AP, enabling them to process the
computational tasks locally or offload them to an edge server.
To achieve additional energy savings, the authors minimized
the HAP’s total energy by jointly optimizing energy transfer
beamforming and computing resource allocation at the HAP.
To realize the self-sustainability of mobile devices, the authors
in [31] integrated WPT into MEC systems and proposed an
energy-saving computing framework. However, when the wire-
less channel between HAP and UE is blocked, the efficiency
of WPT and task offloading in wireless powered mobile edge
computing (WP-MEC) significantly drops [32]. To tackle this
issue, the authors in [33], [34] considered deploying RIS
around the devices to provide additional transmission paths
for wireless power transfer and computing task offloading.
Moreover, the works in [35], [36] verified that deploying RISs
can effectively increase the overall computing rate in the WP-
MEC system.

A. Motivation and Contributions

Although studies on RIS-assisted WP-MEC have been
investigated in [32]-[39], these works have overlooked the
importance of the power consumption used for the reflec-
tion coefficient, which is crucial for understanding the self-
sustainability of WP-MEC. However, if certain devices are
positioned within the signal dead zones, the deployment of
a single RIS cannot guarantee the computation offloading
rate in RIS-assisted WP-MEC networks. While a single zero-
energy RIS has been used in [15], [16] to improve the power
transfer performance, whether the WPT and communication
performance can be further improved, aided by the internal
beamforming gain between two cascaded zeRISs with reduced
energy consumption, has not been thoroughly discussed. In
such cases, the use of multiple RISs for energy harvesting

and task offloading is urgently needed. Moreover, although
multiple RISs were deployed in [40], [4]1], these works
addressed distributed RISs to assist the energy harvesting
and task offloading, whether the consumed energy can be
further minimized aided by double RISs with cascaded link
is unknown. Unfortunately, the authors in [40], [4]] have
overlooked the importance of the power consumption used for
the reflection coefficient, which is crucial for achieving the
self-sustainability of WP-MEC. In Table I, we summarized
the key features of the existing research, and observed that no
previous work has discussed the energy minimization problem
in a WP-MEC system with zeRISs, which motivates this work.

To fill the above gap, in this work, we develop an advanced

WP-MEC framework supported by two zeRISs for zero-energy
MEC networks with higher coverage. However, realizing min-
imizing the energy that is consumed by the HAP despite the
complexity of the considered scenario is challenging. The first
primary challenge in this paper is how to effectively minimize
the HAP’s total energy consumption by jointly optimizing the
time allocation, reflection coefficient matrices for zeRISs ,
HAP energy beamforming in downlink (DL), HAP reception
beamforming in uplink (UL), and device transmit power
allocation in UL, where all variables are strongly coupled
in the optimization. Moreover, since a practical nonlinear
harvesting model is adopted in the DL phase, solving the
beamforming of HAP and reflection coefficient matrices for
the RISs is difficult due to the nonlinearity. In addition,
with cascaded links between RISs, it is more challenging
to solve the corresponding reflection coefficients due to the
strengthened coupling effect. To address these difficulties, sev-
eral mathematical solutions, including alternating optimization
(AO) and semi-definite relaxation (SDR), are employed, and
an iterative energy minimization algorithm is developed. We
highlight the main contributions of this work as follows:

e An energy minimization framework is developed in
zeRIS-aided WP-MEC systems, considering two zeRISs,
the existence of a cascaded zeRIS link, and nonlinear
harvesting model. In the DL energy harvesting period,
the HAP provides energy beamforming for multiple ZEDs
and double RISs, where the harvested energy is used to
offload the task in the UL period.

e To address the non-convex nature of the formulated
problem, we designed an algorithm that iteratively min-
imizes energy by optimizing the time allocation, HAP
energy beamforming, HAP receive beamforming, and
joint reflection coefficients design of two zeRISs variables
via AO, SDR, and mathematical solutions.

o The numerical results confirm the significant benefits of
adopting two zeRISs in WP-MEC systems on energy
minimization. A series of quantitative evaluations and a
comparative analysis with existing benchmark solutions
were investigated.

B. Paper Outline and Notation

The remainder of this manuscript is structured as follows.
Section II provides a detailed discussion of the double zeRIS-
empowered WP-MEC system model. In Section III, we intro-
duce efficient algorithms designed to address the challenges
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TABLE I: Comparisons between this work and relevant literature

Multi- IO R Zero-energy
Reference RISs antenna AP energy RIS WP-MEC
harvest
[32], [33], [35], [39] X X X X v
[34] X X v X v/
[36] X X X v/ v/
[40] v v/ X X /
[38] X v X v/ v/
[18] v v v X %
Proposed v v v v v
Wireless power transfer Data offloading of zeRISs in the UL period. This procedure consists of the
———————— > HAP-zeRIS channel _> following two stages:
ZED-zeRIS channel
RIS 1-zeRIS 2 channel o Stage 1: During the configuration stage, the BS optimizes
" 7eRIS 1 zeRIS 2 the resource allocation parameters using a centralized
H — optimization entity, based on the acquired channel state

Fig. 1: Energy-minimization framework in zeRIS-aided WP-
MEC system.

presented in the formulated problems, particularly focusing on
the double zeRISs cooperative system. The numerical results
of these investigations are systematically presented in Section
IV. Finally, we present the conclusion of our research in
Section V.

Notation: Boldface (lower case) x represents vectors, (upper
case) X denotes matrices, and scalars are indicated by lower-
case letters. Let X7, X# diag(X), and tr(X) represent the
transpose, the conjugate transpose, diagonalization, and trace
of X, respectively. X; ; denotes the (i, j)-th entry of matrix
X. X3 = 0 means that X; is a positive semi-definite matrix.
C and E{-} denote the complex matrix and the expectation
operator. A circularly symmetric complex Gaussian (CSCG)
random vector m is denoted m ~ CA (m, Q), where m is the
mean and Q is the covariance matrix. I represents an identity
matrix.

II. SYSTEM MODEL

As shown in Fig. 1, a zeRIS-aided WP-MEC system is
considered, which consists of a HAP equipped with M anten-
nas embedded with an edge server, K single-antenna devices,
and two zeRISs (each zeRIS is equipped with N elements).
ZeRIS 1 is deployed near the multi-antenna HAP, while zeRIS
2 is positioned near the center of the device cluster, thereby
increasing the overall network coverage. Specifically, in the
DL energy harvesting period, both devices and zeRISs adopt
a nonlinear harvesting model to achieve self-sustainability. The
ZEDs use the harvested energy to offload tasks with the help

information. The optimal values of the resource allocation
parameters are then reported back to the RISs and ZEDs.
o Stage 2: As shown in Fig. 2, the second stage consists
of two different phases, i.e., the wireless power transfer
phase and the computing offloading phase. More details
about the two transmission phases are provided below:

1) During the wireless power transfer phase, the HAP
transmits energy signals to devices and zeRISs. The
zeRISs use part of the signal to perform energy har-
vesting and the rest is reflected to the devices.

2) During the computing offloading phase, each ZED can
use the harvested energy to offload its tasks to the HAP.
Since the devices may lack sufficient energy to perform
local processing effectively, and inspired by [42], we
consider that the power-limited devices offload all task
and the server performs the computation after receiving
it and returns the calculation results to the devices.
Thus, all devices use the harvested energy to offload
tasks to the HAP via single-reflection and cascaded
links.

It should be noted that the two phases of the second stage
are implemented using time-division duplexing, and channel
reciprocity is assumed. Thus, the HAP performs channel
estimation using pilots transmitted by the users in the uplink.
In addition, a different set of RIS reflection coefficients is
optimized for each transmission phase. While this requires
control signaling to update the RIS configurations, the signal-
ing overhead is limited because the RIS elements are adjusted
via a central controller using low-rate control channels, in
accordance with the processes performed in the first stage.

By jointly optimizing the amplitude coefficients and phase
shifts of the RISs, the RISs absorb part of the energy to main-
tain self-sustainability. In contrast, the other part is reflected to
the ZEDs. The information reflection coefficients for the r-th
zeRIS in the UL are given by

I A l l l l l I 1T
Ul 2 [Buh ok, Bl ot BT ()
Let
dl & [pdl pdl dl pdl dl  pdl
07" _[ r,ler,17"'7 r,ner,n7"'7 r,Ner,NL (2)
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Fig. 2: Transmission phase (stage 2).

represent the energy reflection coefficients for the r-th RIS
in the DL, where 82/ € (0,1) and 64" < [0,27) are
the reflective amplitudes and the phase shifts of the n-th
element of r-th RIS, respectively. Then we have the following
constraint,

B“l/dlejervln/dl <1, Vn, re{l,2}. 3)

,n

A. Channel Model

The equivalent DL channels include the HAP to the r-
th RIS channel H, € CN*M the RIS 1 to RIS 2 channel
H;, € CV*¥ and the r-th RIS to the k-th ZED channel
hf, € CYN, where r € {1,2}. We consider that the
obstacles block the direct links between the k-th ZED and
the HAP. Moreover, assuming channel reciprocity and block-
fading, the channel state information (CSI) for both UL
and DL is considered to remain constant within a period
[42]. Regarding the channel estimation, it can be efficiently
performed by using the method presented in [43], which is
appropriate for estimating the cascaded CSI for the proposed
cooperative zeRISs system. In addition, the channel estimation
algorithms in [44] and [45] can be considered for imperfect
CSI. Thus, the equivalent UL channels include the k-th ZED
to the r-th RIS channel h,.; € CN*1 the RIS 2 to RIS 1
channel Hfz € CV*N and the r-th RIS to the HAP channel
HH € CM*N_ where r € {1,2}. Under this configuration,
the channel between the HAP and the k-th ZED consists of
three cascade channels (i.e., HAP—RIS 1—k-th ZED channel,
HAP—RIS 2—k-th ZED channel, and HAP—RIS 1—RIS
2—k-th ZED channel). The latter provides additional degrees
of freedom (DoF), particularly useful in environments with
obstacles [12], [29], [46]. The use of the above links can be
configured by the appropriately designed codebooks that are
utilized by the microcontroller in each RIS. It should be noted
that the cascaded link (HAP—RIS 2—RIS 1—k-th ZED) is
omitted due to its higher path loss [12], [29].

All links are assumed to follow Rician fading [29],where
the channel X € {H,,H; 5, h, ;}, r € {1,2} is given by

X =, /Y _xLos | /LXNLOS’ )
w+1 w+1

with w, X225 and XV1°5 being the Rician factor, the line-
of-sight (LoS) component, and the non-line-of-sight (NLoS)
component of the channel, respectively.

Let ©® and ®% denote the UL and DL reflection coef-
ficient matrices of the r-th zeRIS, respectively, where r €
{1,2}. Specifically,

Oy = diag(9;') € CVN, O = diag(6;") € CV*N.

Let W, and ®y, represent the UL and DL estimated channel
covariance matrices, respectively. Thus, for the k-th ZED, the
UL and DL channel covariance matrices are given by

v, = E{o ()"} e crr, 5)

and
o =E{(@f)" ol } et ©

where
Q= H0yH{,04h, ; + H'®}'h, ;, + HY @4 hy
and

Q' = b, ©3H, ,0{'H, + h{, ©{'H, + hi, ©4'H,.

B. Wireless Power Transfer

As depicted in Fig. 2, the time allocated to the DL is
T —t. (0 < t. < T). All devices harvest energy through
the DL channel during the entire WPT phase. RISs employ a
power-splitting (PS) scheme to assist the WPT and modulate
the amplitude reflection coefficients 57, The PS scheme
enhances energy harvesting efficiency by allocating part of
the HAP energy signal to maintain the self-sustainability of
each RIS, and the remaining part is reflected to support the
ZEDs [15]. Furthermore, RIS 1 harvests energy through the
channel H;, and RIS 2 harvests energy through the channel
H, = H; ,©%H; + H,. In the DL energy harvesting phase,
the transmitted signal from the HAP can be expressed as
X = Zle wksgl, where sgl denotes the energy signal,
and s{! ~ CN(0,1), wy € CM*L. Moreover, the transmit

power of the HAP in DL is represented by E{HXH2} =

K 2 . . .
> i1 llWk||”, which cannot exceed the maximum transmit
power of HAP P,,.x. Hence, we have

K
> Iwkl® < Prax. (7)
k=1

In the DL, the energy transmitted by the HAP can be written
as

K
Epn = (T —t) ) w|. (8)
k=1

As a PS protocol is employed in the double zeRIS-aided
energy harvesting model, thus, the received power at the RIS
1 and RIS 2 are

K
Pl =t (Wi Gawy), ©)
k=1
and
K
Pir,=> tr(wilGowy), (10)
k=1
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respectively, where G; = E{HIH;}, and G, =
E {ﬁf ﬁg} Moreover, the reflected power of RIS 1 and RIS
2 are given by

Pt = Ztr i eiHfed H,w,), (1)

and
Pty = Ztr( THY(O) efHw, ).  (12)

Consequently, the split power of the received signal at the
r-th RIS is determined as P,;s, = P — Pout [16], [47],

8,7 8,7
1.€.,

Prisy = Ztr FHI (1I- (@MhPe!)Hyw,), (13)

and
m%Ztr( FHY (1- (0)7ef) Haw,) . (14)

Regarding energy harvesting, we adopt a broadly used

non-linear model based on logistic functions [48], which is
modeled as
6m' X
Z(z) = - Y, (15)

ben)))

where x denotes the received power, dy,.x represents the
maximum power harvested when the circuit reaches saturation,
a.p and by, are parameters specific to the circuit’s design. Fur-

X (1 + exp (7ach (l -

thermore, X is defined as %, and Y is calculated
oD ;‘1"6 h) Additionally, the inverse function of =(z) is
deﬁne
1 1)
——1 max
=) =by ——In| ——m———-1]. 16
(z) = b Qeh n<(17+'yv}{ ) (10

By doing so, the harvested energy at RIS 1 and RIS 2 can
be expressed as

Eris,l = (T - tc) E(Pris,l)a (17)

and

Eris,2 = (T - tc) E(Pris,Z)a

respectively. Given that the circuit power consumption for each
element in each RIS is denoted by u, thus, the aggregate
power requirement for each RIS is expressed as Ny [49].
Consequently, the harvested power for each RIS must be no
less than Ny. Assuming that all harvested energy stored in
the energy reservoir is used to power the RIS circuits, the
following constraints are formulated.

(18)

19)
(20)

TNM S Eris,h
TN/J < Eris,Z'

It is important to note that the positions of the HAP, RIS 1,
and RIS 2 are usually deployed in advance, so G; and G
are typically predetermined in the deployment phase. As the
antenna noise power, is negligible compared to the harvesting

power [50], by neglecting the noise, the power of the received
signal at the kth ZED can be given by
K
Py =) tr(w/'®pw;), Vk. 1)
i=1
The harvested energy at the k-th ZED is expressed by
E, = (T —t.) 2(Py), Vk. (22)

C. Computation Offloading

1) Communication Model: In the second sub-block of
duration t., ZEDs use the harvested energy to offload tasks to
the server at the HAP [30], [51], [52]. Furthermore, the time
required for the ZEDs to download the results is neglected
[30]. In the UL model, ZEDs utilize time division multiple
access (TDMA) technology for communication with the HAP
[39]. The transmission signal from the k-th ZED is expressed
as

Ty = \/pksllél7 Vka
where s}jl symbolizes the information signal transmitted by the
k-th ZED, and s};l ~ CN(0,1),Vk. Additionally, py, represents
the transmit power of the k-th ZED. Thus, the signal received
at the HAP can be mathematically represented as

yzﬂ

where n, ~ CN (QJ?LIN). Let vii € CM*l be the
beamforming vector for decoding the information signal si!
transmitted by the k-th ZED. Then we have

P | ()" v
e T

ap vl

(23)

st + ng, (24)

(25)

Consequently, the achievable offloading rate for the k-th ZED
is determined by
pevi Oy

o2viy,

R (py, vi, ®") = Blog, (1 +
n'k

) , Yk, (26)
where B is the bandwidth.

2) Computing Model: In this model, the k-th edge ZED
offloads a fixed task ¢ to the HAP for processing via MEC.
For the computation offloading, the offloading time of the k-th
ZED is

14
toff = Z* i,

o 27)

Since the computing time and the time required for the HAP
to transmit back the processed tasks can be quite small, we
assume that they are negligible [42]. Thus, we have

K .
S <
k=1

should be satisfied. The offloading energy consumption at the
k-th ZED is given by

(28)

EXT = (29)
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As the harvested energy by the k-th ZED should cover the
energy consumption of UL communication, thus, we have

EXNT < By, k. (30)
We assume that the energy consumption of the HAP-MEC

server follows a linear model [33], and can be given as
K

Eypo=p Y b,
k=1

3D

where p denotes the HAP’s energy consumption to process
each unit of workload.

III. PROBLEM FORMULATION AND ENERGY
MINIMIZATION DESIGN

In this section, an energy minimization problem is for-
mulated, including the energy consumed for transmitting the
energy signal and computing the workloads. Then, an iterative
solution is designed by applying a series of mathematical
methods.

A. Problem Formulation

We jointly optimize the DL energy beamforming matrix
at the HAP Wy £ [wy,--- ,wg] € CM*K and the UL
receive beamforming matrix V £ [vq,--- ,vg] € CMXK at
the HAP, the energy reflection coefficient matrices for zeRISs
©%, r € {1,2}, the information reflection coefficient matrices
for zeRISs ©%  r € {1,2}, the transmit powers for the
ZEDs p £ {p1,---,pk}. and the time allocation t.. The
optimization problem can be formulated as follows:

K

> (T —te) [well*+ ptr)

k=1
<1, Vn,r € {1,2},

min

P1
te,Wq;,V,0d p,Oul ®1

- ul/dl
s.t. C1: ﬁff},{dleﬁm

K
C2: Z ||WkH2 S Pma)u
k=1

C3:
C4:

TNup
Esz

Eris,ra (S {172}7
Eka Vk>

K
Ch: Y 1 <t
k=1

C6:pr =0, Vk,
C7:t.€(0,T).

NN

In (P1), C1 is the unit-modulus constraint on the reflection
coefficients of the RISs in the DL and UL, respectively.
C3 means that the energy harvested by each RIS should
cover the corresponding circuit power consumption. Constraint
C4 implies that the energy harvested by each ZED should
cover the related circuit power consumption and computing
offloading power consumption, and C5 is the constraint on
the duration of UL task offloading.

Compared to using a single RIS, the existence of cascaded
zeRISs with dual-reflection links and a nonlinear harvesting
model makes problem (P1) a non-convex optimization chal-
lenge. In this scenario, the HAP beamforming, the reflection

coefficients of the zeRISs, the transmit powers for the ZEDs,
and the time allocation are strongly coupled. To address
these challenges, we use the AO method to decouple the
original problem into seven sub-problems. In each iteration,
while keeping other optimization variables fixed, we iteratively
optimize one variable until the value of the objective function
converges.

B. Problem Transformation
Firstly, by integrating (16) with (29), the original constraint
C4 is transformed as:

K
C8:> tr(®yW;) > ="

=1

e
kazl
T —t.

, Vk,

where W; = w,wil >
satisfied.

Further, by letting Vi, = vivE = 0, and rank (Vy) = 1,
the initial problem (P1) can be reformulated as problem (P2)

0, and rank (W;) = 1 should be

K
i T —t) (W) + pli] (P2
tmwmvrgg)l%p’@ykz:l[( )tr(Wi) + pli]  (P2)
st C1,06 — C8,

K
C9: > tr(Wy) < Prax,
k=1
C10 : Wy, = 0,rank (Wy) = 1, Vk,
C11: V= 0,rank (Vi) = 1, Vk,

K
c12: > uH{(1-(©f)"ef)H,W))
k=1

T
2571 (T—t Nu),

tr(ﬁg’ (I- (@) o) ﬁzwk)

T
=1 Nu).
(T_tc u)

To solve Problem (P2), the AO method is adopted to solve
the variables in the UL phase and DL phase in an iterative
manner.

C13:

M=

k=1

WV

C. UL Computing Phase Optimization

In this subsection, we aim to optimize the computing phase

design, with a fixed t.,, Wy, and ©%. By doing so, we
simplify Problem (P1) as
K

14

V,D,QL‘Lp; g

min

(P3)

s.t. C4— (C6,C11,

Cl4: |2 ei%n| < 1,¥n, r € {1,2}.

In this paper, a linear receive beamforming vector vj €
CMx1 is deployed at the HAP [40]. We assume that the
HAP employs a Maximum Ratio Combining (MRC) strategy
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to decode the k-th ZED’s information, and the receiving
beamforming vector of the HAP is given as
Qul
vi = W’;lu, Vk.
k
1) Optimizing the Information Reflection Coefficient Matri-
ces for zeRISs at UL Phase: Since the objective function in
problem (P3) is independent of the optimization variable @%,
we instead maximize R to ensure that related latency and
energy constraints can be well satisfied. This is equivalent to
maximizing the zeRIS-assisted UL channel gain from the k-
th ZED to the HAP by optimizing ©®%'. Therefore, given the
transmit power vector p, we solve the information reflection
coefficient matrices for zeRISs as follows:
max Hﬂ“lH
@ul

s.t. C'14.

(32)

(P3.1)

By denoting Hy, £ [hy 1, -, hy n]

should be noted that
2 ||* = |7ty + mit |
= (V05 + )" (1 ey + mit)
= (OsH" (" o5t + (031 () Tt

= H{!ydiag(hy ;). It

+ (MO 6s" + (mph) i, (33)
where
v =HI Z diag(hy,, )05, + H diag(ha k),  (34)
n=1
ul — H diag(hy )03, (35)

Next, by introducing an auxiliary variable / such that Z*! =
0y (02“1) , where 03! = [Ogl,l}T, we have ||Q};l||2

tr (X0 Z) + [|npt|?, where
" Tul HTul ul Hrul
Tk r_ ((Tul)) ul (nk )0 k (36)

Since Z% = @y (0}”) , the constraints of Z* > 0 and
rank (Z“') = 1 should be satisfied. Based on the above,
given the information reflection coefficient matrix O, we
relax the rank-one constraint and subsequently reformulate the
sub-problem for the information reflection coefficient matrix
of zeRIS 2 during the UL transmission as follows

wlrrpul ul |2
max tr (VVZM) + [|mi! | (P3.1.1)
s.t.C15: Z" = 0,
C16: 2%, < 1,9n.
Let U}jl = anl H; diag(ﬁkyn)égf" + H{Idiag(th),

and A\¥ = HEdiag(hy )04, Next, with the given ©4,
we then follow similar procedures with problem (P3.1.1) and
reformulate the sub-problem of the reflection coefficient matrix

for zeRIS 1 during UL as
u u u 2
max tr (U37QY) + || Ap| (P3.1.2)

st. C17: QY =0,

C18 : <1,Vn,
where
w_ [(UEHTUE (ahHH oy
Uy = {(Uzl)H)\}:l 0 ) 37
_ _ _ ul
Q" = 6 (63))" | and 6} = 911

As such, the problem (P3.1.1) and (P3.1.2) are convex
SDP problems that can be addressed using the CVX toolbox
[53]. Then we employ the Gaussian randomization method to
construct a suboptimal rank-one solution, following a process
similar to [47], which is omitted here.

2) Design of the Transmit Powers for the ZEDs : Given @%
and ©% to problem (P3.1) and the receiving beamforming
vector of HAP v}, R (py, v}, ®%*) only depends on the
transmit power pi. Then, the achievable offloading rate for
the k-th ZED is determined by

ul*
R = Blog, (1 el (38)

U%) , Vk.

By substituting (27) into C4 and CS5, the following constraints
can be obtained:

C19: R“lEk > pily, Vk,

€20 : ZRM < te.

Subsequently, we optimize p; by solving the sub-problem
(P3.2) :

find pg
s.t. C6,C19,C20.

(P3.2)

Since all the constraints are convex, Problem (P3.2) is
a convex optimization problem, and it can be solved by
CVX [53]. Algorithm 1 summarizes the optimization of the
beamforming of the HAP, the reflection coefficient matrices
for zeRISs, and the transmit power allocation for the ZEDs
during UL.

D. DL Beamforming Optimization

Given the time allocation t. and the settings of p, @;‘l.
Consequently, the problem initially presented in (P1) can be
reformulated as problem (P4):

K

min (T -
W03

s.t. C8 — 10,012, C13,
021 : |8 1% | < 1, Wn,r € {1,2}.

te) tr(Wy), (P4)

We note that the optimization problem (P4) remains non-
convex; due to the optimization variable Wy, being coupled
with ®% in constraints C8, C12, C13. Thus, we employ AO
and SDP techniques to iteratively optimize one of the two
variables while keeping the other fixed, as detailed below.
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Algorithm 1 AO Algorithm for Solving Problem (P3)

Input: Set {tg,ng7®fl7O}, B, N, M, K, u, ¥, p, conver-
gence threshold €, and iteration index t=0.

1: Obtain the optimal UL receive beamforming matrix at the
HAP V* by (32).

2: repeat

3 Given {p’, ®"""}, obtain the suboptimal reflection co-
efficient matrix for zeRIS 2, @;l’tH by solving problem
(P3.1.1).

4 Given {p’, ®4""™}, obtain the suboptimal reflection
coefficient matrix for zeRIS 1, @1{1’”1 by solving prob-
lem (P3.1.2).

5. Given {@""T! @411 obtain the optimal transmit
power p‘T! by solving problem (P3.2) .

6:  Update the iterative number ¢t = ¢ + 1.

7: until Convergence.

Output: the HAP’s UL receive beamforming V*, the trans-
mit powers of the ZEDs p*, the information reflection
coefficient matrices for zeRISs @4,

1) Optimization of Energy Beamforming at the HAP: Fixed
©%, the problem (P4) is transformed into the problem (P4.1),
which is given by

K
min ) (T —te) tr(W)
k=1
s.t. C8 — (C10,C12,C13.

(P4.1)

By relaxing the rank-one constraint, Rank(Wy) < 1, the
problem (P4.1) is reformulated as an SDP problem and can be
solved by CVX [53]. In this paper, we employ the Gaussian
randomization technique to construct a suboptimal rank-one
solution, following the methodology outlined in [47].

2) Optimizing the Energy Reflection Coefficient Matrices
for the zeRISs at DL Phase: In the following, we jointly
optimize the two parameters: the reflection amplitudes and
the reflection coefficients of the RIS, as discussed in [47].
The optimal solution to problem (P4.1) is denoted by W*.
Subsequently, we alternately solve for the reflection coefficient
matrices of zeRIS 2 and zeRIS 1. Given ®%, we solve the
energy reflection coefficient matrix for RIS 2 as follows:

find @ (P4.2)

s.t. C8,C13,

22 : ( Bl %] < 1, n,

The sub-problem remains non-convex due to the coupling of
variables in the constraints. To make it tractable, we set G, |, =

diag(Hywiw/ HE | 0), 641 = [64,1], and Z% = (93)" 64,
thus, the constraints C13 can be rewritten as

X N , T
€233t (G4)-3" tr(g“zdl)ﬁ—l(T_tNM),
k=1 k=1 ¢
To proceed, we let

Dy 2 [y, dpn] = diag(hgk)HLQ, (39

q,‘zfi = <§: Gf’lndiag(akm)Hl + diag(hgk)H2> w3,

"~ (40)
nil; = 0{'diag(h{’, ) Hiw;. (41)
We note that the left-hand side of constraint C8 can be
expressed as

2
tr (B, W;) = |05 g, + ni|”, 42)

2
= ~aNH
then we transform ‘OglqgliJrngli as 03'rd (0‘2”) +
2
dl gdl di
’17,“- , where 65" = [02 ,l},

dl (dl \H dl (,ndl \H
Yl |:Qkii(qk11) i (1) ] (43)

i ng,i(qg?i)H 0
: pdiydl (gdi\H dl (pdi\H pdi
Since 65°T; (02 ) = tr (TM (02 ) 05 ), we have
69' 1" (ég”)H = tr T,f)liZd?. Based on the above, the
constraints C8 in problem (P4.2) can be rewritten as

K K
C24 . Ztr (Tﬁlizdl)—l—z ’n,‘jfi 2
i=1 i=1

Furthermore, due to Z% = (é;”)Hégl, the constraints of
Z% = 0 and rank (Zdl) = 1 should be satisfied. By relaxing
the rank-one constraint, we solve the reflection coefficient
matrix of zeRIS 2 as follows

find Z%

s.t. C23,C24,
025:Z% = 0,
C26:Z% <1, Vn.

n,n

(P4.3)

Next, with the given @4, the energy reflection coefficient
matrix for zeRIS 1 can be derived by

find @
s.t.C8,C12,
C27 . ‘Bf)lnejaf}n

(P4.4)

< 1,Vn.

The sub-problem remains non-convex due to variable cou-
pling in the constraints. To solve this, we adopt a sim-
ilar approach as in (P4.2)-(P4.3) and first set R/Lk =
diag(Hyw,wiHI 0), 60f' = [6¢,], and Q¥
(éfl)H 0%, thus, the constraints C13 can be rewritten as

28 . E tr RI - E ‘1 RI Q — N}l .
k 2 B

Similarly, by denoting
N
ul; = <Z 0" diag(dy,,)Hy + diag(hfk)H1> wi, (44)

n=1
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M = 63 diag(hyy ) How,. (45)
The left-hand side of C8 can be expressed as
tr (2 W,) = [0Fu, + AL |7 (46)

2 = S H
as Oi”Ugl’i e¢)" +

then we transform ‘Odluk i+

‘)\ , Where
dl (1qdl \H A\ )
U — {u,”(u,”) ukv( ki } _ 47
ot AZ{Z-(UZQ-)H 0 “7)

Thus, the constraints C8 in problem (P4.4) can be rewritten
as

K K
€20: 3 tr (UL,QU)+>" A
i=1 =1

pkéi%l
(T - tc)

-1
>

84

, k.

Therefore, the subproblem concerning the reflection coef-
ficient matrix for zeRIS 1 is subsequently reformulated as
follows:

find Q%

s.t. 28,029,
C30: Q% =0,
C31: Q% <1,vn.

(P4.5)

By doing so, the problems (P4.3) and (P4.5) are SDP
problems, which can be solved by utilizing the CVX toolbox
[53]. Then, a Gaussian randomization method is applied to
construct a suboptimal solution that satisfies the rank-one
constraint. The process details are similar to those in [47]
and are thus omitted for brevity. Therefore, the beamforming
design at the HAP and the optimization of the zeRIS reflection
coefficient matrices for the DL are presented in Algorithm 2.

Algorithm 2 The Solution for Problem (P4)

Input: Set {t%,p°, @0} V* B, N, M, K, u, l, p,
convergence threshold e, and iteration index ¢ = 0.

1: repeat

2 Given {©%" @4}, obtain WiH! by solving problem
(P4.1).

3. Given {©7"", Wi}, obtain the energy reflection coef-
ficient matrix for zeRIS 2, @gl’tﬂ by solving problem
(P4.3) and d?roblem (P4.5).

4 Given {©"""" W1} obtain the energy reflection
coefficient matrix for zeRIS 1, @dl 1 by solving
problem (P4.5).

5. Update the iterative number ¢t =t + 1.

6: until Convergence.

Output: the HAP’s DL transmit beamforming W, and the
energy reflection coefficient matrices of the zeRISs @%!*.

E. Time Allocation

For this sub-problem, with the given the beamforming
of HAP Wy, p and the reflection coefficient matrices of
the zeRISs ©% @Y. Problem (P2) can be reformulated as
problem (P5) as follows

mlnz )tr(Wg) + plk] (P5)
s.t. C5,C7,
TNy
C321t5<T—_7,7’6{1,2},
:'(Pris,r)
fo
C33:t. <T— —= , Vk.
Z(Pr)

where Constraints C32 and C33 are reformulated based on
constraints C3 and C4 in the original problem (P1).

As the objective function decreases monotonically with
respect to t., t. is maximized only when at least one equality
holds is met, expressed as follows:

TNup

tr=min (T — — . (48)
< = (Pris,r) )

F. The Overall Optimization Algorithm in zeRIS-Aided WP-
MEC

Algorithm 3 details the proposed method, which iteratively
updates the RIS reflection coefficient matrices, HAP beam-
forming, and optimizes transmit power and time allocation
until the change in successive objective values falls below
a predefined threshold. The following section presents the
analysis of convergence and computational complexity for
Algorithm 3.

EOff
T —
Z(Py)’

Algorithm 3 The Overall Optimization Algorithm in zeRIS-
Aided WP-MEC

Input: 7, Set {t?,p°, W9, @0 @419} B N, M, K, p,
Ly, p, convergence threshold ¢, and iteration index ¢=0.

1: repeat

2. Given {t},©%t, W11, obtain the HAP’s UL receive
beamforming matrix V**!, the UL information reflection
coefficient matrices for all zeRISs @“/'*1 vr, and the
transmit power allocation for the ZEDs p‘*! following
the steps in Algorithm 1.

3. Given {t}, @4, p'*1} obtain the HAP’s DL transmit
beamforming matrix W', and the energy reflection
coefficients for all zeRISs @%-**+1 Vr following the steps
in Algorithm 2.

4. Obtain t{™! according to the problem (P5).

5:  Update the iterative number ¢ = ¢ + 1.

6: until Convergence.

Output: V*, p*, @u*, W, @4 ¢,

G. The Analysis of Convergence and Computational Complex-
ity

1) Computational Complexity Analysis: Computational
complexity of Algorithm 1 is predominantly influenced by
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TABLE II: Simulation Parameters

Description [[ Parameter and Value

System model M =6,N =200
K=4T=1s
n=1uWw

Energy harvesting model bep, = 0.24
aep, = 150

Omax = 75 mW

Pmax = 50 dBm

B =1 MHz

02 = —174 dBm

p =5 x 10~% Joule/bit
£}, = 20 Kbit

€ = 0.0001

Communication model

Computing model [33]

Convergence criterion

the iterative resolution of the problem (P3.1.1), the problem
(P3.1.2), and the problem (P3.2). The process of resolving
both problems denoted as (P3.1.1) and (P3.1.2) entails a com-
putational complexity quantified by O (K (N + 1)35). The
computational complexity of solving problem (P3.2) is O (K).
Therefore, the computational complexity of Algorithm 1 is
O (KN3® 4+ 2K (N +1)%5). The complexity of Algorithm
2 is primarily governed by the iterative resolution of the SDP
problem (P4.1), (P4.2) and problem (P4.5). In each iteration,
the problem denoted as (P4.1) is solved employing the interior
point method, as referenced in [53]. This approach results
in a computational complexity characterized by O (K N ‘35)
Similarly, the computational complexity of Algorithm 2 is
O (KN35 + 2K (N +1)35). In conclusion, let ¢ represent
the number of iterations required for the proposed algorithm
to converge. The computational complexity of Algorithm 3 is
expressed as O (t (2K N3P + K +4K(N + 1)37)).

2) Convergence Analysis: The proof of the convergence
of the proposed Algorithm 3 in zeRIS-empowered WP-
MEC is outlined in the following discussion. We define
tWE, Vi @4t pt @ubt as the t-th iteration solution of
the problem (P4), (P3), and (P5). The objective function is
expressed by E (tL, WY, VI, @It pt @ult)

E(th, Wy, V', 0l pt et (49)
@
> B (t, Wa, VI, €711 p!, ©]1) (50)
®)
> F (tz’wzrl’vt+l7@31,t+17pt+17®gl,t+1) 51)

—
Ve

E (tf;‘rl, Wzl-l‘rla \[tJrl7 @ﬁl,b‘rl’ pt+1, @gl,b‘rl) , (52)

where (a)-(c) hold due to the update of Algorithm 1-Algorithm
3. The objective function demonstrates a monotonically de-
creasing behavior across successive iterations of Algorithm
3. Concurrently, the objective function value of the problem
(P1) has a lower bound, thereby ensuring the convergence of
Algorithm 3.

I'V. NUMERICAL RESULTS

In this section, we provide numerical results and simulations
to rigorously evaluate the efficacy of the proposed AO-based
algorithm. The positions of the HAP, the RIS 1, and RIS
2 are (0,0), (5,1), and (15,1), respectively, while ZEDs
are independently and uniformly distributed in a circular

25
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Fig. 3: Analysis of convergence in the proposed beamforming
design algorithm

area centered at (20,0) with radius 1m. Unless otherwise
stated, we deploy RIS 1 and RIS 2 near the HAP and the
ZEDs, respectively. The large-scale path loss is modeled as
—30 — 10alog,,(d) dB, where « is the path loss exponent
and d is the link distance. Specifically, « is set to 2.2 for
the ZEDs cluster/HAP to nearby RIS link due to the short
distance, and 3 for other longer-distance links, and the Rician
factor is uniformly set to 3 dB. Table II presents the other
system parameters unless otherwise specified. We illustrate
the energy consumption performance through a comparative
analysis of the proposed scheme (marked with “Proposed’)
and two benchmarks. For fair comparison, the total elements
of RIS are 2 N. Our aim is to fully demonstrate the significant
performance advantages of the proposed algorithm in the
context of double zeRIS-assisted WP-MEC, thus we plot the
following:

« Single RIS near HAP: a single RIS with random reflection

coefficients, and RIS is located at (5,1) [47].

o Random RIS reflection coefficients: Deploy two RISs

with random reflection coefficients.

« Distributed two zeRISs: a scenario where two zeRISs are

deployed without considering cascaded links.

e Proposed with 4 = 5 pW: the proposed cascaded system

with =5 puW.

o Proposed: the proposed cascaded system with =1 uW.

Fig. 3 shows the convergence performance of the proposed
algorithm in a zeRIS-assisted WP-MEC system. The data
presented in Fig. 3 depicts the decrease in HAP transmission
energy with increasing iterations under different RIS reflection
elements. We observe the proposed algorithm’s rapid and
stable convergence trend. This fact validates the algorithmic
design’s efficacy in zeRIS-assisted WP-MEC systems.

Fig.4 shows the total energy consumption versus the number
of HAP antennas M, indicating that HAP transmission energy
decreases as the number of antennas increases across different
benchmarks. This trend is attributed to the increased spatial
diversity gain associated with HAPs equipped with more
antennas, thereby reducing the need for transmission energy.
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Fig. 5: The HAP energy consumption versus 2 N.

Moreover, by comparing with the “Distributed two zeRISs”
benchmark, it can be seen that the cascaded links between
two zeRISs can further reduce the AP transmit power. Notably,
when compared to systems with the same number of antennas,
our algorithm outperforms other benchmarks, demonstrating
the effectiveness of the zeRIS-assisted WP-MEC system and
emphasizing the importance of strategic optimization in such
systems.

Fig. 5 shows the energy consumption of the HAP decreases
as the number of RIS elements V increases. Moreover, the per-
formance of the proposed system under varying values of i is
also better than different benchmarks. Significantly, compared
to single RIS-assisted WP-MEC, two-RIS-assisted WP-MEC
requires fewer components to achieve the same target received
power. This finding shows that the addition of RIS can help
the WP-MEC system reduce energy consumption.

Fig. 6 shows the energy consumption of HAP versus the
number of ZEDs for the comparison between the double-
and single-RIS assisted WP-MEC systems. It can be observed
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Fig. 6: The HAP energy consumption versus K.
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Fig. 7: The HAP energy consumption versus t..

from this figure that as the number of ZEDs within the HAP
coverage area increases, the required transmission energy also
rises. This is due to the HAP supplying more energy to
meet the growing energy harvesting demands and computing
workloads of additional ZEDs. Notably, for the same number
of ZEDs, the proposed algorithm consistently outperforms the
two benchmarks. Despite the rise in energy consumption at-
tributed to the growing number of ZEDs, we observed that the
“Proposed” solution showed the slowest energy consumption
growth trend. This finding highlights the potential of zeRISs
to balance energy efficiency and communication performance.

From the results obtained in Fig. 7, we can see that as the
period t. is extended, the overall energy consumption of the
system is significantly reduced. This is because as t. increases,
T — t. decreases accordingly, allowing the HAP to meet
the ZEDs’ energy demands for task offloading in a shorter
time. Thus, as ¢, grows, the overall energy consumption of
the system can be further reduced. While selecting a larger
t. appears advantageous, it may also result in a substantial
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increase in UL power consumption. Therefore, as a trade-off,
we recommend a maximum value of ¢, of 0.9 for applications
specific to the default settings [33].

Fig. 8 shows that the impact of RIS 2’s location on the
energy harvested by the ZED. The position of RIS 2 changes
from 7m to 15m with a step size of 2m. It can be observed
that the energy harvested via the link HAP—RIS 1—RIS
2—k-th ZED is significantly higher than other single reflection
links due to the passive beamforming gains between the two
zeRISs. Moreover, the energy harvested by ZED initially
increases and then decreases as RIS 2 moves away from the
HAP, following the links HAP—RIS 1—RIS 2—k-th ZED
and HAP—RIS 2—k-th ZED. This is because when RIS 2
is closer to both the HAP and RIS 1, the path loss of the
signal before reaching RIS 2 is reduced, leading to lower
energy consumption by the HAP. As the distance between
RIS 2 and the HAP increases, the path loss for both Hy and
H, » rises, requiring the HAP to increase its energy output to
maintain sufficient signal strength at the ZEDs. Conversely, as
RIS 2 moves closer to the ZEDs, it can more efficiently reflect
the HAP signal towards the ZEDs, improving signal coverage
and further reducing the HAP’s energy consumption. These
observations demonstrate the advantage of the proposed WP-
MEC framework supported by two zeRISs, for zero-energy
MEC networks.

V. CONCLUSION

This paper presented an energy minimization framework
for WP-MEC networks supported by two zeRISs to enhance
coverage, energy harvesting, and task offloading. During the
energy harvesting period, ZEDs and two zeRISs harvested
energy by using a nonlinear energy harvesting model to
maintain self-sustainability. Then, an energy minimization
algorithm was designed to optimize the key system param-
eters, including time allocation, HAP energy beamforming,
and reflection coefficients for zeRISs, through mathematical

solutions. The numerical results showed that the proposed
algorithm significantly outperforms existing benchmarks. The
use of two RISs saves at least 69% of the energy consumption
compared to a single RIS. Future work will focus on adapting
the algorithms to practical RIS hardware constraints, such as
discrete phase shifts.
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