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Abstract—In this paper, we propose a UAV-mounted active
reconfiguration intelligent surface (U-ARIS)-assisted mobile
edge computing (MEC) system, where multiple users transmit
data to the edge server with the assistance of an U-ARIS.
Our goal is to minimize the overall energy consumption
(EC) by jointly optimizing the UAV trajectory and amplifi-
cation/reflection coefficients of the ARIS. Due to the highly
coupled optimization variables, the formulated problem is
non-convex and hard to be optimally solved. To address
these challenges, we leveraged the block coordinate descent
(BCD) and successive convex approximation (SCA) algorithm
to iteratively solve the original problem for obtaining a local
optimum. Numerical results demonstrate that the proposed
algorithm can significantly reduce the EC of the U-ARIS-
assisted MEC system when compared to other benchmark
solutions.

Index Terms—Active reconfiguration intelligent surface, mo-
bile edge computing, unmanned aerial vehicle, block coordinate
descent.

I. INTRODUCTION

Mobile edge computing (MEC) has emerged as a prospec-
tive solution to facilitate ultra-reliable low-latency commu-
nication for a myriad of real-time processing and mission-
critical applications, encompassing domains such as au-
tonomous driving, a diverse range of Internet of Things
(IoT) devices, remote surgery, and industrial automation [1]-
[3]. The main feature of MEC is to decentralize mobile
computing, network control, and storage by pushing them to
the network edges. This approach aims to bring computing
resources closer to the end-user terminals, resulting in a
significant reduction in communication latency [4]- [6].
However, for those devices in remote areas with a lack of
robust and reliable network connectivity, it poses challenges
in establishing and maintaining communication links to
provide seamless MEC services.

Towards this end, reconfigurable intelligence surface
(RIS) has been considered as a cutting-edge technology

979-8-3503-8476-5/24/$31.00 ©2024 IEEE

to enhance wireless networks communication capabilities,
owing to the capability to create a more favorable propa-
gation environment [7] [8]. RIS can be broadly categorized
into active and passive types based on their functionalities,
namely the passive RIS and active RIS (ARIS). Unlike that
the former consisting of reflective surfaces or metamaterial
elements has a fixed configuration and cannot dynamically
adapt to changing conditions, ARIS incorporating adjustable
phase shifters can actively modify its configuration based on
the requirements of the communication system [9]- [10]. A
hybrid RIS/ARIS was proposed by the authors in [11]. This
RIS combines both active and passive reflecting elements.
In [12], an ARIS was incorporated into a single-user single-
input multi-output system with the aim of improving the
signal-to-noise ratio for the user.

The introduction of UAVs enhances the mobility and
flexibility of RIS, enabling it to better adapt to complex
and dynamic communication environments, ultimately im-
proving the performance and efficiency of communication
systems. In [13], the authors investigated a UAV-MEC
system that utilizes time division multiple access (TDMA)
to improve system performance by optimizing both the UAV
and computation resources. Moreover, the works in [14] dis-
cussed a RIS-asissted UAV system and aimed to optimize the
UAV’s data transfer rate while simultaneously minimizing
the energy expended on UAV propulsion. However, the UAV-
RIS-assisted MEC system discussed in the aforementioned
papers still faces challenges associated with double effect.
The application of UAV-RIS in MEC is relatively scarce in
current research, thus motivates our work.

In this paper, we propose a MEC system assisted by
a U-ARIS. The objective is to minimize the total energy
consumption (EC) through the joint optimization of the
UAV trajectory and the amplification/reflection coefficients
of the ARIS. Given the strong coupling among optimiza-
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Figure 1. Illustration of U-ARIS aided MEC.

tion variables, the formulated problem is non-convex and
challenging to solve optimally. To address this, we propose
an algorithm based on block coordinate descent (BCD) and
successive convex approximation (SCA). The simulation
results validate that our proposed model achieves superior
performance.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this paper, we propose a U-ARIS-asissted MEC system
as shown in Fig. 1. The U-ARIS system involves serving
K single-antenna users, allowing them to offload compu-
tation tasks to the MEC server which is equipped with N
antennas. The U-ARIS itself is equipped with M reflecting
elements, enabling the reconfiguration of the propagation
environment and enhancement of the quality of reflected
signals. To ease of exposition, the set of users are denoted
by k€ K 2 {1,2, ..., K}. The reflection elements of ARIS
are indexed by m € M = {1,2,..., M'}. The mission period
is discretized into 1" time slots with size of §; and indexed
byteT 2{1,2,..,T}.

A. U-ARIS assisted MEC system

Suppose that the MEC server and each user k € K are lo-
cated at fixed locations on the ground in a three-dimensional
(3D) Cartesian coordinate system, which the horizontal co-
ordinate is given w, = [ws 1, ws 2] and Wi = [wg 1, Wk,2],
respectively. We assume that the U-ARIS remains at a
constant altitude denoted by H and its position remains fixed
throughout each time slot. Therefore, the U-ARIS’s horizon-
tal trajectory and speed during time slot ¢ can be expressed
using the sequence as q; = [, Yu), Ve = [v,1, Vi 2], t € T,
adhering to the following mechanical and flight limitations

qi1 =d0,dr+1 = qr, |Te] <71y |y <o, VE (1)
Vel < Vmaaz, VE 2)

Qi1 = ¢ + Vidy, Vi, 3
where vy, s the UAVs maximum speed, qp and g denote
the initial and final positions of the U-ARIS, and ry, 79 are
the horizontal flight range of the U-ARIS.

The baseband equivalent channels during time slot ¢ are
denoted as H; € CN*M for the U-ARIS to MEC server

link, and hy ; € CM*! for the k-th user to U-ARIS link.
We are examining the TDMA scheme for task offloading.
The communication time for each user during the ¢-th slot
remains the same, i.e., %ﬁ.

The amplitude and phase of the m-th element for k-
th user during ¢-th time slot on ARIS are denoted as
Bktm and O ;. € [0,27), respectively, let @, =
diag(B.¢1€9% 01 -+ | By 4 pred®t31) In contrast to pas-
sive RISs, ARISs are designed with individual amplifiers
associated with their reflecting elements, which consume
extra power. Consequently, the thermal noise at the ARIS
cannot be disregarded. As a result, the signal received at the
MEC server during time slot ¢ is represented as follow

yi = VPH Oy thy sk + Hi Oy yuy + 0y, “4)
where sj; and p represent the data symbol transmitted by
the user and the associated transmit power during time slot
t, and u; € CMx1 CN(O]M,O'%LIN” and n; € CNx1 ~
CN(0y,0%Iy) denote the thermal noise at the U-ARIS and
the MEC server during time slot ¢, respectively. It is assumed
that each sp; ~ CN(0,1) for Vk € K. For simplicity,
the MEC server-U-ARIS and U-ARIS-user channels are all
modeled as Rician channel.

B. Delay

We make the assumption that the MEC server employs
linear receive beamforming for signal decoding. By repre-
senting Fy = [f1 4, ,fx4] € CV*E as the collection of
receiving beamforming vectors during time slot ¢, the signal
recovered at the MEC server during time slot ¢ is expressed
as follow

s =Flyi, (5)

where §; = [S14, - ,8k+|T and S, is the recovered
signal for the k-th user during time slot ¢ and (-) denotes
conjugate transpose operations.

Then, the achievable computation offloading rate
(bits/s/Hz) of the k-th user during time slot ¢ is given by

Rps = logy (14 Ykyt), (6)
and

2
p ‘flthk,thk,t

Vit = 2 (7N

= 2
2 ||eH 2 ||¢H
Uthk,tGk,t +o ka,t

where G ; = H;©y, ;. The linear minimum-mean-square-
error (MMSE) detector is recognized as the optimal receive
beamforming for any given reflecting coefficient matrix
©;+ and q;. This is particularly advantageous in handling
elevated interference resulting from the active RIS noise
amplification. The expression for the MMSE-based receive
beamforming is as follow

o2 o2 —1

(A A + 220G G + 2 In) Ak
o2 o2 —1

I((Ak A, + 22 G GH + T In) Ay

* —
fe. =

(8
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where Ay = Gpthy+.

Our research focuses on exploring a partial offloading
scheme utilizing the data-partition model. In this particular
model, it is assumed that the task-input bits are independent
at the bit level. To facilitate the offloading process, each
user divides its computational task into two segments, one
segment is processed locally, while the other segment of
the computational task is offloaded to the MEC server. The
computational task for the U-ARIS-assisted MEC system
under consideration is elaborated as follow

1) Local computing: For the k-th user during the t-th
time slot, the number of bits for local computation and the
number of bits for offloading can be represented as léyt and
17 ,, respectively. The local computational task by the k-
th user due to local computing during time slot ¢ can be
constrained as follow

buf

la < 52 ©)
where f7, denotes the local computing resource and c is the
number of CPU cycles required to process each bit.

2) Task offloading: Compared to the offloaded computa-
tional task, the size of the computational result is typically
much smaller, resulting in a negligible feedback delay.
Therefore, the offloaded computational task for the k-th user

during ¢-th time slot is primarily determined as
0t Ryt

2. < . 10
k,t K ( )

It is assumed that the users simultaneously perform both
local computing and computation offloading. We have the
following

lew = (18, + 1), VE, t. (11)

C. Energy Consumption

In this paper, the EC of the U-ARIS-assisted MEC system
is primarily composed of the following three components
1) The EC locally during time slot ¢ can be formulated

as
K

Ot
Bp = ;(Ep + ol i f7), (12)
where «; denotes the switched capacitance coeffient for the

users.
2) The EC of the MEC sever can be denoted as

K
Eps=Y_ opl} cff, (13)
k=1

where ap denotes the coeffient for the MEC server and fg
(cycle/s) is the edge computing resource.

3) The power consumption of the m-th element during
time slot ¢ can be derived as

PARIS,t,m = gpout,t,m + Pc + PDC; (14)
where ¢ £ p~! with u € (0,1] being the amplifier
efficiency, Ppc and P, are the direct current biasing power
consumption, the circuit power consumption of the ARIS,
and pout,t,m 1s the output power of the m-th element of the

ARIS which is related to the incident signal power piy ¢
during the ¢-th time slot in the form of
Pout,t,m = pin,t,m|ﬁk,t,me']0k’t’m |27 (15)

and pintm = Zf:1p|hk,t,m\2 + 02, hgt.m denotes the
channel from the k-th user to the m-th element of ARIS
during the ¢-th time slot.

Therefore, we can get the EC of the ARIS during the ¢-th
time slot as follow

K
Ot 2, Ot 2 9
FEri= — ||®k.th — [|®
re =€ 0% @bl + 10w o

+ M6:(P. + Ppo) (16)
4) We utilize a novel EC model for rotary- wing UAVs
according to [15], which accounts for the real- world thrust-
to-weight ratio.

3w |2 1
By = By (1+ 20 o Ldpsa v
tip
Vel s Ivl?
J N - i, 17
+ \/(+4U3)2 37 (17)

where E, ¢ is the EC caused by the U-ARIS flight during

time slot ¢t. Py, Ufip, do, p, A, vg, s and P; represent various

mechanical coefficients associated with the EC model.
Hence, the average long-term EC of the system can be

calculated using the following equation
T

Boum =Y (Bri+ EvLi+ Epy +1Epy),  (18)

t=1
where ¢ represents the energy coefficient of UAV EC.
D. Problem Formulation

The overall problem of energy minimization for the case
is formulated as follow

(P1) : | in Eoum (19)

T
st Y la+lp, > LikeKteT, (19)
t=1

(1) = (3),(9), (10).
The computation volume is denoted as 1 = {lfm,lz’t, k e
K,te T}
III. SOLUTION TO THE FORMULATED PROBLEM

In this section, we propose an effective algorithm based
on the BCD method to solve the EC minimization problem
(P1). The algorithm optimizes the variables alternately to
achieve the desired objective.

A. Optimizing the computation volum 1

The subproblem for the computation volum design as
follow

T K
(P2) : min ; ];(ozllfwc [+ anl} ,cf )
s.t. (19a),(9), (10).
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Problem (P2) is a convex optimization problem, which
means it can be efficiently solved using standard convex
optimization solvers.

B. Optimizing the reflect coffients ©

The subproblem for the reflect coffients design as follow
(P3): m@in Egr

s.t.  (10)

T K M 2
where ER =216 Zk:l(p% D m=1 5/%,t7m |Pse,t,m|” +
Ot

K m=1 B k,t,m h)
We can observe that the optimal phase shift of the ARIS

can be represented as follow

O t.m = — ar(gr t,mhktm), (20)
where gr: = [grt1, " GreM] = f,gth. Therefore,
constraint (10) can be reformulated as

M
log <1+ P =1 Btk t.m ik t.m|)? ) 1)
2 M
0}21 Zm:l ﬁ]%,t,m|gk,t,m|2 + UQ”f]ft”Q

lgﬂfK
= 5t )
and it can be reformulated as
M 19 K
9 2% —1
(Z Bk,t,m|gk,t,mhk,t,m|) -
m=1 p

M M
(@ D Bramlgreml® + %Y 1 ml®),
m=1 m=1

Yme M,Vke KVt e T. (22)

To handle the non-convex constraint (22), we propose an
algorithm based on SCA. This algorithm operates iteratively,
approximating the constraint (22) at each 1terat10n to obtain
a locally optimal solution. Particularly, let 6k b Y €
./\/l Vk € K,Vt € T denote the initial coffient of ARIS and
5k toms VM € M VE € K,Vt € T the obtained coffients of

ARIS after iteration 7 > 1. We have
M
Z ﬁk t, m|gk t.mPt m| + 2 Z |9kt m Pk, t,m | (B tm—
m=1 m=1
R K M
. 2 5 -1
Bt ) 2 (07 3 B mlbtoml’
p m=1
+o° Z L ). (23)

Therefore problem (P3) can be reformulated as
(P3.1): m@ln Er

st (23).

Therefore, problem (P3.1) can be transformed into a
convex optimization problem, making it efficiently solvable
using standard solvers. The detailed optimization procedure
for determining the U-ARIS’s phase shift is outlined in
algorithm 1.

Algorithm 1 Proposed algorithm for solving problem P3.1

Initialize iterative number 7 = 1.
G E(L)|

for ¢ < Zmam and W =€ do
R

Solve the convex problem (P3.1) to obtain @)1(;72
Update the iterative index 7 = 7 + 1. 7
end for
Output: phase shift @,(Cnt)

C. Optimizing the UAV trajectory and speed Q,v

The subproblem for the UAV trajectory de51gn is as follow

(P4) manpr*H@kthktH +ZLE,

Qv t=1 k=1
(3), (10).

To address the non-convex constraint (10), we propose
an algorithm based on SCA. This algorithm operates it-
eratively, approximating the constraint (10) at each itera-
tion to obtain a locally optimal solution. Particularly, let
q§°) (x (0),yt(0)) Vt € T denote the initial trajectory and

) = = (a; G )7yt ))Nt € T denote the obtained trajectory

st (1) —

Qt
after iteration j > 1. We have
By 4 G) Crt ) K
A > — Tt Dy 5 kL
k,t+1n2Ak’t(xt xt )+1n2Ak¢t(y yt ) 5t
(24)
where
ellc,t
Ay =14 — P ik
(dt??;t)z +O—2ka{ItH2
b bR O+ IR PTED)
(@A), )2 + I P (dD),)2(dY), )22
h,k,t k,t h,k,t
o ChalR O+ IR PTI)
ST (@ (d9), )2 + IR AE),)2(d), )2)
h,k,t k,t h,k,t
(25)
and
DY =200 = wi) (@i )® + 20 = wen) (d7))°
TP = 200" —waa) (@),)° + 207 —wn2)(dip))?

flgt,nH;,n,m@kytym‘za (26)
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and

4 thm 4 hktm
H — 1, — )t
t,n,m dH k,t,m dh et
dife = la” = will df), =l —w]. @D

We successively apply the inequality (a2 + b2)2 < (a +
b),a,b € Ry for E, ;. Therefore, we obtain a convex upper
bound of E),;, which can be expressed as follow

3||vel?
Eupa = Fo(1+
P Ut2lp
after the above operations, problem (P5) can be reformulated

1
) + 5dopsAllvel” + P, vt, (28)

as
m ‘ektm
(P4.1) mmZﬁZ 1d2 kfm ZLEupt
R i’ h.kt
st (1) —(3), (24).

Then, we reformulate (P4.1) by introducing slack variable
Wit < dj g, as

O tomhy g m?

P4 2 . Hlln Zgz m 1‘ kit, k,t,ml

Wkt

(J))

tl *Wk)(Qt*qt Z Wk t,

(29)
(1) = (3), (24).

Problem (P4.2) is a convex optimization problem, which
means it can be efficiently solved using standard solvers for
convex optimization problems. Derived from the solutions
acquired in the preceding subsections, the algorithm steps
are similar to algorithm 1, so we don’t go into further detail
here.

Below is the summary of the proposed BCD algorithm
for solving problem (P1), as outlined in algorithm 2.

Algorithm 2 BCD algorithm for solving problem P1
Initialize iterative number n = 1.
[E(HD _ g ‘

< Nmazx and v sumt

sum sum

(n+1)
sum

Solve problem (P2) to obtain I,
©y and gy, v;.
Solve problem (P3.1) to obtain @5;72

7

Solve problem (P4. 2) to obtain q
the updated lﬁf(t” . lZ’t" and @k"t
Calculate Egz)m
Update the iterative index n = n + 1.
end for
Output: the optimal bit allocation lk 4
©®j. ,, and UAV trajectory q;,Vv;.

> e do
l (n)

for 7

and lZ’é") for given

according to the

updated lfc’(t"), and given qt, V.

) (”) according to

jo*

k.¢» Phase shift

IV. SIMULATION RESULT

In this section, we conduct simulations to validate the pro-
posed algorithm in the context of the U-ARIS-assisted MEC
system. We compare the numerical results with benchmark
systems to evaluate their performance, including one that
operates on a UAV with fixed ARIS, one that operates with
fixed trajectory and another that operates on a UAV with
random ARIS.

In the simulation setup, the positions of the U-ARIS and
MEC-server are configured as (500 m, 0 m) and (0 m,
0 m), respectively. Four users with the same computation
offloading power are randomly distributed within a 1000 m
1000 m region. The heights of the users, U-ARIS, and MEC
server are specified as 0 m, 50 m, and O m, respectively. The
other simulation parameters for the U-ARIS-assisted MEC
system are outlined in Table I. For simplicity, the MEC

Table I
PARAMETER SETTINGS ON SIMULATION

parameter value
Bandwidth B, transmit power p 1 MHz, 0.5 W
Utip» o, do, s, p, G 120, \/m 0.6,0.05,1.225,0.503
Py, P; 0012*120 psG, L 1*2170(3’
M, N, 16,4
o3,0° —60 dBm,—70 dBm
Tﬁf«, Umazx 100,1 5,50 m/s
L 0.001
Je: Jr.c 5% 10%,50 % 10°,1000
& 1.25, 500, 500

server-U-ARIS channel is modeled as Rician channel,

TDt—
H, = H
V1 t+ 1+

where H, is NLoS component during time slot ¢, and each
element of H; is complex gaussian distributed with zero
mean and unit variance; 7 is the Rician factor and H; is LoS
component during time slot ¢. In this paper, we make the
assumption that the channel state information (CSI) for the
MEC server-U-ARIS and U-ARIS-UE channels is available.
This information can be obtained through various existing
channel estimation techniques.

According to distance-dependent loss model, the large-

()

——H,, (30)

scale path loss is denoted as Dy dit.e

and k1 2 is the path loss exponent and dH,t
VH?+ (z¢ — x5)% + (y — ys)? is the distance between the
MEC server and the U-ARIS.

Figure 2 shows the U-ARIS trajectory onto the horizontal
plane when L = 10 Mbits, p = 0.5 W. Observations from
Fig. 2 indicates that on the one hand, UAV will move away
from users to minimize energy consumption and on the
other hand, UAV will not go too far from users to meet
the constraints of user reachability. Figure 3 depicts the
correlation between energy consumption and the task of
processing data bits when p = 0.5 W, comparing scenarios
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involving fixed ARIS, fixed trajectory, and active RIS with
random phase shifts. As the task of processing data bits
increases, energy consumption will also increase. Notably,
the figure highlights that, the energy consumption of ARIS
remains lower. ARIS proves to be a highly effective solution
for addressing the challenges posed by double path loss
attenuation in wireless communication systems. Its compact
size and flexible deployment options further enhance its
applicability in various environments.

Figure 4 depicts the correlation between energy consump-
tion and user transmit power when L = 10 Mbits. With
the increase in user transmission power, the total energy
consumption also increases. It is easy to observe that ARIS
exhibits lower total energy consumption compared to other
benchmark system.

Trajectol
500 Y ry
A User
400 Trajectory
MEC N
300 % UAV Begin =
% UAVFinal
200
100 A W
E o
-
100
200 A
-300 .
-400
500
500 400 -300 200 -100 O 100 200 300 400 500
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Figure 2. Trajectory
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Figure 3. Energy consumption versus the bits of computation task.

V. CONCLUSION

In this paper, we proposed the U-ARIS-assisted MEC
system to reduce the energy comsuption. A joint optimiza-
tion algorithm based on BCD and SCA had been proposed
to solve the problem of minimizing system energy con-
sumption. Simulation results indicated that ARIS has better
performance, resulting in reduced overall system energy
consumption.
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