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Abstract—The unmanned aerial vehicle (UAV) enabled mobile computation capacity and lower latency. However, it is not
edge computing (MEC) has been deemed a promising paradigm reliable to depend on the IoT devices themselves to satisfy
to provide ubiquitous communication and computing servics for such computation demands, due to the limited computation

the Internet of Things (IoT). Besides, by intelligently refecting the . . .
received signals, the reconfigurable intelligent surfaceRIS) can capacity and energy budget. In this context, mobile edge

significantly improve the propagation environment and further computing (MEC) appears as a promising paradigm to support
enhance the service quality of the UAV-enabled MEC. Motivaéd 10T devices’ computation-intensive and latency-crititasks

by this vision, in this paper, we consider both the amount of [2]. By deploying the MEC server at a wireless access point
completed task bits and the energy consumption to maximizehe (AP) or base station (BS), it provides offloading opportesit

energy efficiency of the RIS-assisted UAV-enabled MEC systes . .
with non-orthogonal multiple access (NOMA) protocol, whee the for 10T devices, and thus can help 10T devices compute tasks

bit allocation, transmit power, phase shift, and UAV trajectory and save energy. Despite the benefits of infrastructureebas
are jointly optimized by an iterative algorithm with a doubl e-loop MEC systems, the fixed location of MEC server restricts the
structure based on the Dinkelbach’s method and block coordiate coverage and the service will not be restored in a short time i
decent (BCD) technique. Simulation results demonstrate #l: 1) tha jnfrastructure is destroyed. Recently, the unmannediae
our proposed algorithm can achieve higher energy efficiencthan hicl UAV h terized by thei ' bility. flexibil
baseline schemes while satisfying the task tolerance lateyy 2) vehicles ( s) C aracterize y e_'r mobility, e?('b_ﬁ"

the energy efficiency first increases and then decreases withe and maneuverability have drawn considerable attentidris. |
increase of the mission period and the total amount of task- envisioned that the UAV-enabled MEC can be widely deployed
input bits of IoT devices; 3) the energy efficiencies of schees to provide ubiquitous communication and computing sugport

with imperfect channel state information (CSI) are lower than ; ; ; ; ; _
corresponding schemes with perfect CSlI, and the performare for loT devices, which has received growing popularity 3]

gain of NOMA over OMA diminishes under the imperfect CSI. [5]. o .
By equipping an MEC server, the UAV can provide com-

puting and communicating services for 0T devices. Thanks
to the inherent advantages such as flexible deployment and
high mobility, the benefits of integrating the UAV into MEC
are multifold. For example, the UAV can be rapidly deployed
on the hotspots to cooperate with ground base stations, and
thus enhance the computing capacity of the network to tackle
In recent years, with the rapid development of Interndéite surge of computation demands during rush hours [6]. In
of Things (IoT), the number of IoT devices are drama@ddition, due to the high altitude of UAV, the probability of
ically increasing, which spurs the emerging of more anihe-of-sight (LoS) links can be improved, which is benefici
more novel intelligent applications, such as augmentelityea for loT devices’ energy saving when they perform task offload
virtual reality, face recognition, and so forth [1]. The kas ing [7]. Moreover, the flexible trajectory of UAV brings an
generated by these applications usually demand for higlestditional degree of freedom for communication perfornganc
enhancement [8]. By optimizing the trajectory, the UAV can
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paradigm called reconfigurable intelligent surface (RI&§ hcan strike a balance between accelerating training spegd an
drawn great attentions [12]-[15] . The RIS is a planar arraynverging to the local optimal, as well as avoiding ostidia
consisting of a large number of reflecting elements [16]. The above-mentioned RIS-assisted networks concentrate
Through adjusting the phase shift of RIS element, the coeither on the RIS-assisted MEC networks, where the UES’
catenated virtual LoS link is formed between the transmitteomputational performance can be enhanced by using the
and receiver. Thus, the reflected signals can be combimmnputing resources at the APs; or the RIS-assisted UAV
coherently to improve the received signal power [17]. larchitectures to improve the achievable communication oét
addition, compared with conventional relay systems, th& RUEs by exploiting the flexible trajectory of the UAV. Howeyer
passively reflects signals without power amplification, etthi to the best of our knowledge, there are still few studies
is more environment-friendly and can improve the enerdgcusing on the performance improvement brought by the RIS
efficiency of the whole system [18]. Moreover, the RIS can kia the UAV-enabled MEC. In [30], although the UAV-mounted
flexibly deployed on various structures, such as the buldirRIS is deployed to assist the communication between the
facades, roadside billboards, and indoor walls, which reakground users and an MEC server, the computation capability
it trivial to integrate the RIS into existing wireless netk® of UAV is not considered, and the users offload task-input
[19]-[22]. data to the MEC server by OMA protocol which cannot fully
Recently, aiming to theoretically exploiting the benefifs autilize the time and frequency resources. Then, in [31], the
RIS, there are much literature dedicates to the optimimatioon-orthogonal multiple access (NOMA) is introduced irfte t
problems in the RIS-assisted networks. For instance, if [2RIS-aided UAV-MEC system, where the aim is to maximize
the RIS is deployed in the MEC system to assist the ta&lAV’s computation capacity and the simulation results show
offloading of devices. Aiming to evaluate the computationghat the NOMA scheme outperforms OMA. Nevertheless, we
performance, the sum computational bits are maximized hgte that in [31] the energy consumption of UAV is only
jointly optimizing the CPU frequency, the transmit powedanimposed as a budget constraint and the position of UAV is
time allocation of computational offloading, as well as théxed. The deployment of RIS to a certain extent facilitates
phase shifts of the RIS. Later in [24], the total completetthe task offloading of 10T devices, but when a large amount
task-input bits maximization problem in the RIS-assisted®/ of task bits is offloaded to the UAV-mounted MEC server,
networks is first solved by a block coordinate descendiriigwill threaten the system’s operating time since the eyerg
(BCD) algorithm. Then in order to reduce the computationatorage of the UAV is heavily limited. Hence, consideringgth
complexity, the deep learning architecture is construdted contradiction between the RIS and the UAV-enabled MEC, it
facilitate the online implementation of the proposed BCI} of great importance to investigate the energy efficiengy b
algorithm. Recently, the wireless energy transfer (WET) Emultaneously paying attentions to the energy consumptio
considered for the RIS-assisted MEC network in [25] to §atisand the amount of completed task bits. Besides, in order to
both the energy supply and computation requirements of 16dlly exploit the benefits of UAV’s mobility in the RIS-assesl
devices, where the total computation bits are maximized jAV-enabled MEC system, the trajectory of UAV needs to be
an iterative algorithm. It is validated that the RIS-entehc jointly designed with the resource allocation and the phase
wireless powered MEC can significantly enhance the compshift optimization.
tational performance over the scheme without RIS. Motivated by these observations, in this paper, under the
In the RIS-assisted UAV networks, the RIS can be deploy®DMA protocol, we investigate the RIS-assisted UAV-endble
for overcoming the blockages and enhancing the achievabl&C systems with the objective to maximize the energy
rate. To this end, in [26], the sum rate of users in the dovinlirefficiency, by jointly optimizing the task bit allocation toeeen
is maximized by jointly optimizing UAV’s trajectory, the IoT devices and the MEC server, transmit power of 0T
phase shift of RIS, the allocation of THz sub-bands, and tlevices, phase shift of RIS, and the UAV trajectory. The main
power control. As expected, the largest sum rate is achievazhtributions of this paper can be summarized as follows.
by the proposed joint optimization algorithm. In order to 1) RIS-assisted UAV-enabled MEC We first establish a
guarantee the secure communication between the UAV amovel RIS-assisted UAV-enabled MEC framework to explore
the legitimate user, in [27], the RIS is deployed to enhantlee potential benefits of RIS in UAV-enabled MEC systems,
the quality of the legitimate transmission while degradingt where the RIS is deployed on the surrounding building wall
of the eavesdropping, and an iterative algorithm is propost® assist 0T devices’ task offloading, and the UAV equipped
to maximize the average achievable secrecy rate. Similanyith an MEC server provides offloading opportunities and
the secure transmission problem is investigated in the UAWmMputing services for multiple 10T devices. During thektas
and RIS assisted mmWave networks, where the near-optim#loading, both the direct links from 10T devices to the UAV
positions of RIS and UAV are obtained by an exhaustivend the reflecting links via the RIS are considered. Besides,
searching method [28]. Besides, in order to overcome tpartial offloading scheme is applied in the IoT devices ahd al
highly dynamic stochastic environments in the RIS-assistéevices access the UAV by NOMA protocol.
UAV networks, in [29], a decaying deep Q-network (D- 2) lterative algorithm with a double-loop structure: By
DON) based algorithm is proposed to minimize the enerdgking both the amount of completed task bits and energy con-
consumption of the UAV by jointly optimizing the phase shifsumption into consideration, an energy efficiency maximiza
of RIS, UAV trajectory, decoding order, and power allocatio tion problem is formulated for the RIS-assisted UAV-endble
Simulation results show that the proposed D-DQN algorithMEC system. Due to the fractional structure and highly-
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computing services tal loT devices. An RIS with M
reflection elements is installed on the surrounding bugdin
wall to assist I0T devices’ task offloading. To ease of expo-
sition, the 10T devices and reflection elements are denoted
byi € I 2 {1,2,...,]} andm € M 2 {1,2,..., M},
respectively.

We suppose the system operates during an appointed mis-
sion period ofT, which is divided intoN time slots and
indexed byn € N 2 {1,2,..., N}. The time slot length
t = T/N is sufficiently small so that the UAV flies through
a small distance and the channel gain is approximately un-
changed within each time slot. Without loss of generality, a
3D Cartesian coordinate system is adopted to describe the
positions of UAV, RIS, and the IoT devices. Specifically,
the horizontal position of the UAV at time slot can be
Fig. 1. The RIS-assisted UAV-enabled MEC system. represented ag(n] = (zu[n], yu[n]). Similar to [11], [32],

it is assumed that the UAV flies at a fixed altitudé > 0.

The horizontal position and the altitude of the first element
coupled variables of the formulated problem, an iteratien the RIS with an uniform linear array (ULA) are given
algorithm with a double-loop structure is proposed, whaee tby wr = (zr,yr) and hg, respectively. It is worth noting
outer loop is used to update the energy efficiency based on that our work can be easily extended to the uniform planar
Dinkelbach’s method, and the inner loop is decomposed irasray (UPA) by utilizing the Kronecker product to perform
three subproblems to iteratively optimize the bit allooati mathematical transformation [24], [33] or regarding theAUP
transmit power, phase shift, and UAV trajectory. For thes¢hr as different groups of ULAs [34]. In addition, theth loT
subproblems in the inner loop, the Langrange dual methdévice is fixed at the ground with zero altitude and the
is utilized to solve the bit allocation and transmit powehorizontal positionw; = (x;,%;) is known to the RIS and
optimization problem; the phase shift of RIS is optimized bihe UAV.
the difference of convex functions (DC) programming; arel th 1) Communication ModelSince the UAV flies at a high
successive convex approximation (SCA) technique is etqaloi altitude and the RIS is placed on the fagade of a building, th
to tackle the UAV trajectory optimization. communication link between the UAV and RIS is assumed to

3) Performance improvement Extensive simulation results b€ a LoS channel. Thus, the channel gain between the UAV
verify that with the deployment of RIS, our proposed alduorit and the RIS at the-th time slot can be given by

can achieve higher energy efficiency compared to the schemes — Caman
hg[n] = ,/defj [n] [17 e J5 (M 1)d<PR,U[n]j| . (D)

ToT devices

with random phase, without trajectory optimization, witho

RIS, and the_: full offloading scheme._ In_terestir_wgly, it can k\?/here p is the path loss at the referenc®, — 1m;
found that with the increase of the mission period, the e;nerg 5 3 )
efficiency first increases and then decreases since the ying “ru [ = \/(H — hr)” + [la[n] — wr||” denotes the distance
ergy consumption of UAV continues to increase and dominatBgtween the UAV and the RIS at theth time slot;d is the
the total energy consumption. Most importantly, it is obger 2ntenna separation is the carrier wavelengthpry([n] =
that the energy efficiencies of schemes with imperfect ceaniiZ® — Zu(n])/druln] represents the cosine of the angle of
state information (CSI) are lower than the correspondirffParture (AoD) of the signal from the RIS to the UAV at the
schemes with perfect CSI, and under the imperfect CSI, tHdh time slot.

performance gain of NOMA over OMA diminishes since the '€ direct links from the IoT devices to the UAV are
channel estimation error results in more inter-user ipterice assumed to be blocked by obstacles [34]-{36]. Thus, the
for 10T devices with the NOMA protocol. channel gain from thé-th 10T device to the UAV at the-th

fme slot can be expressed as

The rest of the paper is organized as follows. In Section f
we introduce the system model and problem formulation for hV[n] =
energy efficiency maximization. Section Il elaborates be t cE

proposed algorithms for solving the formulated problenm8o where diy[n] = \/Hq[n] B WiHQ © H? is the distance be-

numerical results are shown in Section |V, and conclusioas a . . i
finally drawn in Section V. tween the UAV and the-th |oT device at then-th time

slot; ¢ is the path loss exponent angly represents the
random scattering component modeled by a zero-mean and
[I. SYSTEM MODEL AND PROBLEM FORMULATION unit-variance circularly symmetric complex Gaussian @nd
variable.

pd;i5 [n]giu, ()

A. System Model

. . . . INote that only one UAV is considered in our proposed RISshsdi
An RIS-assisted UAV-enabled MEC system Is shown in I:|gJAV-enabIed MEC system. For the multi-UAV scenarios, eachVlcan

1, where an UAV equipped with an MEC server providegdependently execute our proposed algorithm.



IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING,VOL. XX, NO. XX, XX 2023 4

For the communication links from the 10T devices to theegarded as interference. Thus, the offloading data rateTof |
RIS, we assume that they are Rician fading channels [3dEvicer; [n] at then-th time slot can be expressed as [40]
which consist of the LoS and non-LoS (NLoS) components. 5
Hence, the channel gain between thih 10T device and the  Roff ;)] = Blog <1 4+ Pm (]| o [] . ) )
RIS at then-th time slot can be given by ' S Py ]|, 0] |+ 02

— B . 1 . wherep,,[n] is the transmit power of 10T device;[n] when
hit [n] = 1/ pdg [n] (\/ mh%RS + mhi\% ®].  offloading tasks to the UAV at the-th time slot, ando? is
3) the noise power. If the time slot index can be shown clearly in

the variables, the order index[n] in the subscript is reduced
to m; for ease of exposition.

whered;g = y/||w; — wR||2 + hg? is the distance between
the i-th 10T device and the RISy denotes the path loss
exponent;3 represents the Rician factdiie® andhN-°S are

the LoS component and NLoS component, respectively. Fgg
hkeS| we have

2) Computation ModelDenote the task of each loT device
a positive tupl€ L;, C;}, whereL; is the minimal amount
of task-input bits of 10T device in the mission period, and;

is the CPU cycles required for computing 1-bit of task-input
data. At each time slot, the 10T devices can perform local

where p;r = (z; — zr)/d;r is the cosine of the angle of computing and task offloading simultaneously. Deridste[n]

arrival (AoA) of the signal from the-th 10T device to the as the task bits computed locally at 10T devicduring time

RIS. The NLoS componertiLoS is the complex Gaussian slotn. Considering the limitation of 0T device’s computation
' (2

o s T
thI({)S [n] = {1,6_327@1“,...76_-72T(M—1)dwm} (@)

distributed variable with zero mean and unit variance. capacity, we have
With the help of the RIS, it is possible to achieve the virtual l%OC[n]CZ- _
LoS connections between the UAV and the loT devices by - SEvielneN, (8)

adjusting the phase shift of RIS. Since the phase shift df €a%here I} is 10T devicei's maximum CPU-cycle frequency.
reflecting element of the RIS can be dynamically adjusted by

a controller, in this paper, the phase-shift matrix of th& k4 Similarly, denote the maximum CPU-cycle frequency of the
modeled as UAV as Fyay. We have
_ ) i01[n] 7O [n] I yuAv )
®[n] = {e ,...,e } , (5) Yo M n] Gy < Foay.¥n e N, ©)
where 6,,|n] € [0,27] is the phase shift of then-th RIS AV ) .
element at then-th time slot. Thus, the combined channeyVnerel; " [n] denotes the amount of task bits that is com-
gain from thei-th 10T device to the UAV at the-th time slot Puted by the UAV for 0T device at time slotn. Since the

can be given by UAV_can only compute the task that has been offloaded and
received, we have
hiln] = h'[n] + (b3t [n)) " diag(®[n])hg [n].  (6) R [n]t > 1AV [n] Vi€ I,n e N. (10)

Denote the bandwidth of the system &s Benefiting from |n addition, to meet all 10T devices’ minimum computation
the partial offloading paradigm in MEC, at each time slot, thequirements, we have

IoT devices can offload parts of their task-input data to the
UAV with the aid of RIS. When the 10T devices offload tasks,
the NOMA protocol is adopted to further improve the energy
efficiency. To be specific, at each time slot, the I0T devices
are ranked by the UAV in the ascending order of channel gain.3) Energy consumption modelThe energy consumption
Therefore, the order of the loT devices for the UAV atthéh ot the |oT devices consists of two parts, i.e., the energy
time slot is denoted byl = {m; [n], m [n], ..., 77 [n]}, where  conq mption for task offloading and that for local computing

m; [n] is the index of the loT device with théth smallest pirgyy at time slots, the task offloading energy consumption
channel gain to the UAV during time slot of loT devicei is given by

After receiving the 10T device’s signal, the successive ,
interference cancellation (SIC) technique is adopted ty th E{"[n] = pi[n]t. (12)
UAV to decode signals from multiple loT devices. When the
UAV decodes the signal from loT devieg [n], the received  Then, based on [40], the local computing energy consumed
signals from 10T devicer, [n] to 10T devicer;_; [n] are by loT devicei at then-th time slot can be modeled as

k1ot (11°° [n]) °
2 ’

N
(e () + 1 ) > Lo vieT. (A1)

n=1

2The instantaneous CSI can be obtained by recently proposadnel E™ [n] =
estimation methods, such as [37]-[39], where the Doppleguency offset

induced by the UAV movement is also considered. The devetopraf more wherex,r is the effective Capacitance coefficient of the l1oT

sophisticated CSI estimation techniques is an interegtpg for our future . , . .
work. In the simulation results, we will demonstrate the @ots of imperfect device that depends on the processor’ s chip architecthies, T

CSl on the energy efficiency of the RIS-assisted UAV-enalM&C systems. the total energy consumption of all IoT devices at time slot

(13)
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can be expressed as lated as
! | Syt L[]
Biorn] = Y (B [n] + EY™ [n]). (14) SN E] (202)
1=1
N
The UAV mounted by an MEC server flying in the sky pro- sty (] + 17 [n]) > Ly, Vi € T, (20b)
vides computing services for the 10T devices. With a similar ":} Ay
model to the 10T device, the computing energy consumption D oieq LM [n]Cy <
of the UAV at time slotn is given by t < Foav,vn e N, (20¢)
1l¢[n]C;
Ecom[ ] i KUAV(ZZ'UAV [n])3 (15) % < FMV’L GI,TLEN, (ZOd)
U n| = - 12 .
= £ R[]t > 1VAV[n], Vi € T,n € N, (20e)
whereryay is the UAV’s effective capacitance coefficient. |0n[n]| =1,Ym e M,ne N, (20f)
In this paper, the flying energy consumption of the UAV q(l] = qo, a[N + 1] = qr, (209)
is also taken into account. We deploy the fixed-wing UAV [lv[n]]| < VMax, VR € N, (20h)

in the proposed system as an example, and its flying energ

_ loc UAV . H
consumption at time slat can be modeled as [41] Here s = {1°[n), 7Y [1], piln], 6m(n], qln] }. Constraint

(20b) ensures the minimum computation requirements of 10T
devices can be satisfied. Constraints (20c) and (20d) mean
that the workloads of UAV and loT devices cannot exceed
whereu[n] = [[qn] — qln — 1]||/¢ represents the speed of thethe|r maximum CPU frequencies. Constraint (20f) represent

UAV at time slotn. 71 and» are two parameters related tothe feasible set of RIS’s phase shift. Consiraint (20g) is

the UAV’s weight, wing area, wing span efficiency, and ailrJAVs initial and final horizontal locations. ConstraintQR)
density, etc. represents that the speed of UAV must be less than the

maximum speed.

Egy [n] =t (71113 [n] + T—z) ) (16)

v [n]

Hence, the energy consumption of the UAV at time slot
can be represented as

— fly com

Buav(n] = pby’n] + E5™n]. (17) " bue to the fractional structure of the objective functiomga
where is the weight of UAV's flying energy consumption. the closely coupled optimization variables in (20), it iffidult
to obtain the globally optimal solution in polynomial tinigo
tackle these challenges, we propose an iterative algosittim
a double-loop structure to maximize the energy efficienay an
optimize the bit allocatiol°°[n] and{YAV[n], transmit power
pi[n], phase shift of RIg,,[n], and the UAV trajectory[n]. In
the outer loop, the Dinkelbach’s method is exploited to hend
the fraction programming and obtain the energy efficiency.
With the given energy efficiency, the coupled variables are

. . - .. jteratively optimized by the block coordinate descent (BCD
In this paper, we aim to maximize the energy efﬁmencx} . .
ethod in the inner loop.

of the RIS-assisted UAV-enabled MEC system. At each time Firstly, we equivalently transform problem (20) into the

slot, the total amount of completed task bits are comprisfed{:)” Y, 4 i gl i P

the offloading task bits and those computed locally at the loT OWING parametric probiem-

devices. Thus, the total amount of completed task bits a tim N N

slot n can be given by [42], [43] Frare) Ln] - O‘n; Eln],
s.t.(20b) — (20h),

I
Lin] =Y (1°° [n] + RY™ [n]t). (18) wherea is the introduced auxiliary parameter. Assumint
i=1 is the optimal objective value of problem (20), we have the

IIl. SOLUTION TO THE FORMULATED PROBLEM

B. Problem Formulation

(21)

2

Meanwhile, the total energy consumption includes all IOHOI_II?r\]ng Thfo_:_er)]m. timal solutionz® of bl 20
devices’ energy consumption and the UAV’s energy consump- s:)rgmd .'f 3 opllm_? solutiorz™ of problem (20) can
tion, which can be expressed as € obtained It and only |

E[n] = Eigr[n] + Euav(n]. (19) max <ZN: L[n] - o* zNj E[n]) = 0. (22)

The energy efficiency is defined as the ratio of the total arhoun

of completed task bits over the total energy consumption in Proof: See Appendix A.
the mission period. Thus, the energy efficiency maximiratio However, the optimak* cannot be obtained in advance.
problem for RIS-assisted UAV-enabled systems can be formdence we propose an iterative algorithm based on the Dinkel-
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Algorithm 1 Dinkelbach’s algorithm for maximizing the en-(23) can be transformed into
ergy efficiency

N I lo 3
1. Initialize z, iterative numbek = 1. maxz Z 1°¢[n] + RO [n]t — o T (li;[n])
2. repeat e ot ' t
3. Solve problem (21) by Algorithm 4 for gives(*), & oty 5
and obtain the optimal solutioa(*). —at( P 1 )2# _ o fuav (17 )
N N (k) he 0] oy [0)? t2
4.  CalculateF(a™™) = |3 Ln] —a 3 En)| . ' " (25%)
n=1 n=1 a
i k
5. if Fa) < e o 5.£.(20b) — (20d), (25b)
* n=1 &1 ok .
6 ¢ TS B 2 S break. R [n] t > 1VAY [n]. (25¢)
(k+1) — Zp—a L0l . .
’ glsea - ZN,]E[n]W’ k=k+1. Remark 1: It can be found that the transmit power op-
8. Until & > Nunax. . . . timization p; [n] in (23) is transformed to the optimization
9. Output: the optimal energy efficiency” and the  of offioading rateRS" [1]. Constraint (20e) is also expressed
corresponding solutioa”. as (25c) related tarof [n]. By solving problem (25), the

offloading rate can be obtained, and then the transmit power
of 10T devicer; [n] can be calculated according to Appendix
bach’s method to update.. The details can be seen inB' Define a fgnctlon\I/ (Z’"? © indicate the decodm_g order
Algorithm 1 of 10T devicei for the UAV in time §Iotn when adoptm.g the
- ) ) NOMA protocol. Thus, the transmit power of loT deviceat
In Algorithm 1, the outer-loop is used to update while  time slotn can be obtained a5, n]
. . N . W(i,n) "

the inner-loop is executed to solve problem (21) with given Note that the objective function of (25) is convex with
a®). However, with given energy efficiency*), problem respect t0/°¢[n], IVAV [n], and R°F[n]. Meanwhile, the con-
(21) is still non-convex due to the coupling among UAVraints of problem (25) are linear. Thus, problem (25) is a
trajectoryq(n], phase shift of RIS, [n], and other optimiza- conyex optimization problem, which can be solved by CVX.
tion variables. Therefore, in order to tackle problem (21)y order to obtain more insights, we further derive its ctbse
it is decomposed into three subproblems by adopting th§&m solution in the following Theorem 3.

BCD technique, namely, bit allocation and transmit power Theorem 3: For problem (25), the optimal bit allocation
optimization, phase shift optimization, and UAV trajestor 54 transmit power can be expressed as

optimization. And then an iterative algorithm is proposed t

solve them in an alternating manner. in 12
J li“[n]*—\/(uwiﬂv C) . (26)
t 304:“&10'1“
nC 2
19V [p]* = \/(w + brgmyn T C—) . (27)
A. Bit Allocation and Transmit Power Optimization t ) 3akuav
BE; ot har. n]? . n]?
With given a*), a subproblem of problem (21) is the bitp,,[n]*= 51’2 < 1;[ ] 5~ QH[ ] 3 |
allocation and transmit power optimization, where the phas o hain [0 =ha,[n]” ha[n]”—ha, [n]( 8)

shift 8,,,[n] and UAV trajectoryq[n| are given as fixed. Thus,

the bit allocation and transmit power optimization problesm \I/_vhere {wi}ieflé.{llz.’ivn}iGI-,nGN’t{é"}@ﬁ/]\f’ {&*’;}i?l{neéf are
be reformulated from (21) as agrange multipliers associated with constraints (2@®d]

and (25c), respectively.

N N . H
Proof: See Appendix C.
l;oc[n]ylf&%fn]_’pi[n] nz::l Lin] - anz:; En] (232) B. Phase Shift Optimization
5.6.(20b) — (20¢). (23b) In this section, another subproblem of (21), denoted as the

phase shift optimization is considered to optimézg[n| with
Theorem 2: Define Sy, [n] = Y°'_, p, [n]| s, [n]|*+02.  9iven bit allocation;*“[n] andZ;”*V[n], transmit powepr, [n,
s’ = T 5 : . .
The task offloading energy consumption of all 10T devicednd UAV trajectoryq [r], which can be reformulated as

in the mission period can be expressed as N T ol [n]|2
S b S22 Py [ o, ]+ 02

N N I 1 1 b — L
Zzpm [n]t:ZZt 7 3 |2 F . ! (29a)
n=1i=1 r=tio \lmnl” P[0

(24) st ]0m[n]| =1,Ym e M,n e N. (29b)
Proof: See Appendix B. It can be observed that problem (29) is actually an offloading

By substituting (24) into the objective function of problenrate maximization problem. When the bit allocation, traitsm
(23) and defining2; = {11°°[n], 174V [n],, RST [n]}, problem power, and UAV trajectory are given, the RIS only has impacts
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on the offloading rate by controlling the phase shift of reidc Algorithm 2 Proposed algorithm for solving problem (29)
signals. Moreover, due to the objective function, probl@®)( 1. Initialize {0,,[n]}, iterative numbel = 1.
is still non-convex and difficult to tackle directly. Wi I+1

v 2.while | & 35 (Wifn] - wWila)) "

To solve problem (29), we first transform it into a more =14
tractable form. Defineaf¥[n] = hE [n]" diag (h{[n]). The NoZ N0
) G o . — Wi >
channel gain between 0T devieg[n] and the UAV at time 2:: ; ( i[n] WQ[n]) =0 do
slot n can be expressed as 3.  CalculatelVi[n] based on (33).
) 2 4.  Solve the convex problem (34) to obta®in].
|hi [0]]” = R, [n] + (B3 [n]) dlag(q’[”])hg[n]‘ 5.  Utilize the Gaussian randomization technique to
_ H, +(hY [n 27 recoverf,, [n].
(Hr, [0]®[n]) + (k7 [n]) 0 6 lel+l
_ (DSBS SR [ 7. end while
wnere o n) = (M R 0 ’

and ©[n] = ®[n] («i)[n])H is a positive semidefinite matrix
with ®[n] = [e/91["] . e/fml"] 2T 2 is an auxiliary scalar. Note that problem (34) is a standard convex semi-definite
By substituting (30) into the objective function of problenprogramming (SDP) and can be solved via classic convex

(29), we have toolboxes, such as the SDP solver in the CVX tool [44].
e[| ] Then, we iteratively updat®|n] by solving problem (34)
log(1 + TP ) to tighten the lower bound of the objective function of (32)

i-:} ]| hr [0]]* 402 X . i R
Zf ey [l el ) until convergence. During the iteration, when the rankedf]
= log, (Z Pr; (1) <Tr(H,T]. [n]@[n])+(hU_[n]) >+02> is larger than one, the Gaussian randomization method is
j=1 adopted to recove®[n] from ©[n] [45]. To be specific, a
izl 2 set of vectors which obey the distribution 6\ (0, ®[n])
U 2 )
—log, J; P, (1] (TF(HM [n]g[”])Jr(hﬂj [”]) ) to ) is first generated. And then, we choose the candidate which

= Wiln] — Wiln]. maximizes the objective function of (34) as the phase slift o
! ? (31) RIS. The detailed optimization procedure of RIS’s phasé shi
Thus, problem (29) can be transformed into is outlined in Algorithm 2.
N I . )
om 2—31 z; (Wiln] = W3[n]) (328) ¢ yAV Trajectory Optimization
5.0 m[n] =1,¥Ym € M,n € N, (32b)  Finally, supposing the bit allocatioff°°[n] and [Y4V[n],
rank(©[n]) = 1,Yn € N. (32¢) transmit powerp., [n], and phase shifd,,[n] are given, the

subproblem for UAV trajectory optimization can be reformu-
In problem (32), the objective function is still non-convexated as
with respect to the phase-shift-related variab®s|. More- N I
over, the rank one constraint (32c) makes the problem moremaxz ZBt log (1 +
difficult to solve. To tackle these challenges, it can be tbun 4"l ;= =

Pr, 0] |Fir, ]| )
1—1

> j=1 P, 1] |hr, [ ]2 + o2

that the objective function of (32) is the difference of con- N

cave functions, which can be handled by exploiting the DC - tuaz (Tlv?’[n] + i) (35a)
programming technique [24]. Thus, in tiie+ 1)-th iteration vln]

of the DC programming, the second term of the objective s.t.RX[n]t > IVAV[n],i € Z,n € N, (35b)
function is approximated by its linear upper bound, i.e., (20g), (20h). (35¢)

12 e (1 (O1FO) D), Vo Tr(Ha, [1O[n) | o)

Win] < 5 Due to constraint (35b) and the objective function, problem
1“2<E§:i Pr;[n] (TT(HM [m]@[n) D)+ 2 [n]] )+02) (35) is non-convex and hard to solve. Thus, we introduce
+(Win)® = Wiln] several auxiliary variables and then leverage the SCA tech-

(33) nique to transform problem (35) into a convex problem.

As for the rank one constraint (32c), we introduce the senfirstly, define M{[n] = Blog (Z;Il pr, [0]| P, [1] |2 + 02)

definite programming relaxation (SDR) technique by drogpin i 2 9
the rank-one constraint [44]. To this end, problem (32) can gnd ]_V[?[ n] = Blog (ZJ 1P | ”h_”f [n” d ) The _Of'
expressed as floading rate of loT devicer;[n ] at time slotn can t_)e given
N by R [n] = M{[n] — Mj[n]. With optimal phase shift,,, [n],
the channel gain between loT devieg[n| and the UAV at

maXZ_:l ; (Wl — Waln ]) (34a) time slotn can be expressed as [46]

$t.9m.mn] =1,Yme M,neN, (34b) hx,[n] = hY [n] + (hR[]L@[ nlhg [n]

Ofn] > 0,vn € A, (34c) _ Volomo] | VBT Prirm] (36)

ulfr/fJ [n] dru|[n]
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Then, the auxiliary variables,. [n] andw[n] are introduced Algorithm 3 Proposed algorithm for solving problem (35)

with d,u[n] < ur,[n], dru[n] < wln]. By replacing the term
dr,;u[n] anddgy(n] in Mj[n] with u,,[n] andw[n], we can
obtain

1. Initialize the vecton,, [n]©, w[n]©, v[n]©, q[n]®
and set the iteration number as- 0.
2. while ‘E(q[n])“*l) - E(q[n])(l)‘ > 6 do

), 3. CalculateM?[n] and Mi[n] based on (40) and
Mj[n] = Blog me | E(t; [n], win])” + 07 |, (37) (38), respectively.
4, Solve the convex optimization problem (47) and
btainu, [n]®, w[n]®, 5[n]®, q[n]®.
_ Zm LR m 0 T ’ ’ )
where= (s, ], win) = Latl o SRRl Simie 5 4
;U .
6. end while

larly, for Mi[n], we have

= Blog (me 1 Z(tr, [n], w[n])? +02) . (38)

In addition, for the termy[n] in the denominator of objective
function, another auxiliary variable[n] is introduced with
v[n] < wv[n]. Thus, problem (35) can be transformed into

EjEI(Ml Nz3fn))

n=11:=1

max

ur; [n];w[n],v[n],q(n]

ol + [aln] © ~aln — 1
“2(aln) — qln 1) (aln]—aln — 1)) <0.

After the above operations, problem (39) can be reformu-
lated as

(46)

I

>~ (ALin] - atln] )

i=1

N
max [ ]7;1

tr; [n],w[n],v[n].q[n

N
T 2

- tua; <71v3[n] + W’%) (39a) —tpa ; <7'11)3[n] + m) (47a)
s.t.dr,uln] < 1), (39b) s.t. (Ml[n] Miln ]) t> 190V, (47b)

dryn] < win], (39¢) a[l] = qo,q[N + 1] = qr, (47c)

E[n] < U[n], (39d) |v[n]|| < Vit (47d)

(Ml[ ] - Mj[n ])tz 5N [n],  (39) (44) — (46). (47e)

q(l] = qo,q[N + 1] = qr, (39)  Problem (47) is a convex optimization problem, and thus

[lv[n]|] < Vatax.- (39g) can be solved efficiently by standard solvers. Then, based to

Theorem 4: Mi[n] is convex with respect tai,[n] and
wn].

Proof: See Appendix D.

Since any convex function is globally lower bounded by its

first-order Taylor expansion at any point, based on Theore

4, a lower-bound of\/{[n] at thel-th iteration of SCA can be
expressed as

Mi[n] > M{[n] = log Ai[n] + i (0] — ur, [n] D)
+ etz (@[] — wnl"),
(40)
where
A;n] = Z;Zl P, [n]E(uﬁj [n](l), w[n](l))2 +0%,  (41)
Bifn] = ~pr. ]2 (ur,[n] ¥ wn) ) }@%ﬁf{if]l, (42)
— = ) \/_ Zm |h’7'rzR m|
Ciln] = e 2 (e, ] wln) ) E=mS
(43)

the SCA method, the auxiliary variables, [n], w[n], 5[n] and
UAV trajectoryq[n] are iteratively updated to tighten the lower
bound of the objective function of (35) until convergence.
Finally, problem (35) is effectively solved and the optiertiz
UAV trajectory can be obtained. Denote the objective fuorcti
of (35) at thel-th iteration asE(q[n ]) . The proposed algo-
fithm for UAV trajectory optimization is outlined in Algatim

3.

D. Joint Optimization of Bit allocation, Transmit Power, &#e
Shift, and UAV Trajectory

Based on the obtained solutions to the three subproblems,
the proposed BCD algorithm for solving problem (21) with
given energy efficiency is summarized in Algorithm 4. There-
fore, according to Algorithm 1, the original non-convex pro
lem (20) can be effectively solved by iteratively updatihg t
energy efficiency in the outer-loop and jointly optimiziret
bit allocation, transmit power, phase shift, and UAV tréjeg
in the inner-loop via Algorithm 4.

E. Convergence and Complexity Analysis

Similarly, constraints (39b)-(39d) can be approximated as According to Algorithm 1 and Algorithm 4, the energy

- 2u7T'L [n](l)uﬂ'i [TL] <0,

[n]Dwln] <0,

(dﬂ'iU[n])Q + (uﬂ [n](l))2
(drun))® + (wn]®)? — 2w

(44)
(45)

efficiency maximization problem can be solved via an iteeti
algorithm with a double-loop structure. In the outer lodpe t
energy efficiencyx is updated via the Dinkelbach’'s method.
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Algorithm 4 BCD algorithm for solving Problem (21) TABLE |

1. Initialize oy, iterative numbel = 1. SIMULATION PARAMETERS[9] [24]

2. repeat ) Parameters Values | Parameters Values

3. Solve the convex problem (23) to obtain Total bandwidth | 30 MHz 1, T2 0.00614, 15.976
lﬁoc[n](l),l}m‘/[n](l), andp;[n]" for given 6,,[n] Vitax 10 m/s Bo -30 dB
andq[n]. Number of time slot 20 Noise power -50 dBm

4. Exploit Algorithm 2 to obtairg,,[n](") according 1{‘{ 34%{_? FhR éOGT'
to the updated!°°[n]", 1VAV )" p,[n]", and Wi s — s
the givenq[n]. : :

5. Run Algorithm 3 to obtairg[n]®) with updated
1ocn] V14 n] O, pifn)V, and,, [n]®. 4510

N N
6. CalculateF (z()) = \Z@ Lin)—ax N, E[n]‘. .

7. Update the iterative index=1[ + 1.

8. Until: | > Nyax or |F(z1) — F(z)| < 6.

9. Output: bit allocation/}°°[n]* andIPAV [n]*, transmit
powerp;[n]*, phase shift,,[n]*, and UAV trajectory
aln]".

w
&)
T

w
T

N
&)
T

N
T

=
o
T

Energy efficiency (bits/J)

The convergence of the Dinkelbach’s method has been proy
in [47]. The update rule ofv can be given by

[
T

—— $L,;=220 Mbits
—o— ¥L,=180 Mbits

kD) — Zazy L™ 05
Loz E[nz]v(k) k k) =N k 0% ‘ ‘ ‘ ‘ ‘ ‘
— o) _ g LW —a® 5, B ™) (48) 1 2 3 4 5 6 7 8
-0, Bl™ Iteration index

— o) _ F@®)
Fr(a®)? Fig. 2. Energy efficiency versus the iteration index.

which implies the super-linear convergence rate of Dinkel-

bach’s method [48]. The inner loop is the joint optimizatafn

bit allocation, transmit power, phase shift, and UAV trageyg.  © (L3 (In(1/8)n* + Oz + Lo 1?(1/5)”3))- It can be observed

A BCD-based algorithm is proposed to solve problem (21) ai@@at the proposed energy efficiency maximization algoritam

the convergence is verified in Theorem 5. in polynomial complexity.
Theorem 5: Algorithm 4 monotonically increases the ob-

jective function of problem (21) at each iteration and fipall IV. SIMULATION RESULTS

converges. In this section, we present simulation results and compare
Proof: See Appendix E. the proposed energy efficiency maximization algorithm with
Therefore, with Theorem 5 and the update ruleagfthe other baselines. In the simulations, we consider an RIS-

proposed energy efficiency maximization algorithm Coneergassisted UAV-enabled MEC system, where the UAV flies from

within a limited number of iterations [49]. g0 = [30,50jm to ¢r = [30,0]m with the maximum speed
The computational complexity of Algorithm 1 depends off Vaax = 10m/s providing computing services fdr = 6

the number Of iterations required for Convergence’ and tHéT devices. The horizontal pOSition of the first element on

complexity required to solve problem (21) via Algorithm 4he RIS is[50,25]m, and the height is 20m. We assume the

in the inner-loop. Thus, we first analysis the computationf?T devices have the same amount of task-input bits, i.e.,

complexity of Algorithm 4 which consists of three subprobl1 = L2 = ... = L;. Some other simulation parameters are

lems. For subproblem 1, the interior point method can Histed in Table I.

applied since it is a standard convex optimization problem.

Hence, the computational complexity of th@ptimal solution A. Convergence Behavior and the UAV Trajectory

~ 3 o .
can be expressed & (In(1/¢)n’), wheren = 3IN is the e first illustrate the convergence behavior and the UAV

number of dec_ision variables. The subproblem 2 i_s solyed Pr)éjectory of our proposed algorithm for the RIS-assistédU
DC programming and SDP. Denote the number of iterations &Sabled MEC systems. As can be seen from Fig. 2, the

L. The complexity of Algorithm 2 can be expressed@s=  energy efficiency is increased rapidly at first and converges
o (L1 In(1/8)(N (M + 1))3'5) [14]. For subproblem 3, the after around 5-6 iterations. Moreover, under differenesinf
SCA technique is applied to optimize the UAV trajectory. Th&oT devices’ total task-input bits, the proposed algoritkiiti
computation complexity can be given iy (Lo In(1/é)n3), converges fast.

where L, is the iteration number ands = K N. Supposing  Fig. 3 illustrates the trajectory of UAV under two different
the iteration number of outer loop i3, the computational scenarios, i.e., our proposed algorithm and the schemeutith
complexity of the overall algorithm can be expressed &&IS. Under the scheme without RIS, it can be observed that the
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60 4.5x10°
50% * domr - 41
7Y =
X B35 —&— Our proposed algorithm
40+t ] g8 | —e— Without trajectory optimization
/ > Random phase
— X 2 3} —*—Without RIS
E 3 V}V b J 2 —p— Full offloading
> v & =
O 2.5¢ 1
* * /)ﬁ ] >
20+ v A 1 s
% c 2L 8 Y .
/. : —
4 —<&— Our proposed algorithin ¥
10 4 —v— Without RIS 15F 7
4| @ RIS
ﬁ‘ * loT device
O-l 1 1 1 1
0 10 20 30 40 50 60 140 160 180 200 220
x (m) The total amount of task-input bits of loT devices (Mbits)

Fig. 3. UAV trajectories under two different scenarios: puoposed algorithm Fig. 4. Energy efficiency versus the total amount of taskinpits of l1oT
and the scheme without RIS. devices.

UAV tends to fly closer to the IoT devices in order to achiev 45710
higher channel gains. On the contrary, in our proposed RI
assisted UAV-enabled MEC system, we observe that the U/ 4r
tends to fly closer to the RIS. The reasons behind this can
explained as follows. When the RIS is deployed to help lo
devices’ task offloading, there is a compromise for the UA
between the direct links and the links reflected by the RI.
By exploiting our proposed algorithm to adjust the phasé sh
of RIS, the reflected signals can be combined coherently
greatly improve the UAV’s received signal power. Therefore
the UAV tends to fly closer to the RIS rather than the lo
devices in order to fully utilize the channel gains brought b 1.5k
the RIS and increase the energy efficiency.

Energy efficiency (bits/J)
N w
[62] w (&)

N
T

—<o— Our proposed algorithm

—o&— Without trajectory optimizatiop
Random phase

—#— Full offloading

8 10 12 14 16
B. Performance Evaluation of the Energy Efficiency Mission period (sec)

We now evaluate the energy efficiency for the RIS-assist€@. 5. Energy efficiency versus the mission period.
UAV-enabled MEC system. Fig. 4 shows the energy efficiency
of the system versus the total amount of task-input bits ®f lo
devices, where our proposed energy efficiency maximizatiéffloading data rate, the terin, | >°7 Rf[n]t/T in the
algorithm is compared with other four schemes: 1) Withownergy efficiency first increases and then decreases, Whisre
trajectory optimization: The trajectory of UAV follows athe right-hand-side (RHS) of (24). Thus, when the total antou
straight line from the initial position to the final positiog) of task-input bits increases, the energy efficiency firsteases
Random phase: The phase shifts of RIS are randomly chosend then decreases. While for the full offloading scheme, the
from [0, 27]. 3) Without RIS [42]: The IoT devices offload energy efficiency only shows a decrease trend due to the fact
their tasks without the aid of RIS. 4) Full offloading: The loTthat the amount of offloading bits of IoT devices in the full
devices are supposed to offload all task bits to the UAV faffloading scheme is greatly larger than the other schemes.
edge computing. It can be observed that with the deploymesgsides, it can also be observed that the performance gain
of RIS, our proposed algorithm can achieve a higher energgought by the RIS over the scheme without RIS is negligible
efficiency than the other schemes, since the transmit powiérthe phase shifts are randomly chosen. This is because for
bit allocation, phase shift, and UAV trajectory are jointlythe random phase scheme, the channel gain of the reflecting
optimized. Moreover, besides the full offloading schemeait link is nearly equal to zero when those reflected signals via
be seen that the energy efficiency of the other schemes fRd6 are combined at the UAV. This result demonstrates the
increases and then decreases. The reasons is that theftotagignificance of phase shift optimization in the RIS-assiste
floading energy consumption of 10T devices can be expresdgév-enabled MEC system.
as an exponential function related with the offloading datar  Fig. 5 shows the impact of the mission peri@don the
according to Theorem 2. Since the increase rate of expa@ienginergy efficiency. It is observed that our proposed algarith
function is faster than the linear function, with the in@eaf can achieve higher energy efficiency compared with the other
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1 UAV in order to fully utilize the channel gains brought by the
6 ‘ RIS to achieve higher energy efficiency.

T

L Energy efficiency

Energy efficiency
- — —-Total amount of offloading bits

al
S

160

O Our proposed algorithm {

O Without RIS C. Impacts of Imperfect CSI

ISy

120 We next investigate the impacts of imperfect CSI on the
energy efficiency of the RIS-assisted UAV-enabled MEC sys-
tems. In the previous sections, we have assumed the perfect
CSl is available at the UAV and RIS. However, the perfect
CSl is considered idealistic in practice due to the channel
estimation error [50]. In order to characterize the channel
uncertainties, we adopt the bounded CSI model [51]. To be
more specific, the direct channel and the cascaded charanel vi

the RIS from thei-th 10T device to the UAV at the-th time

w
T

Energy efficiency (bits/J)

©

N
Total amount of offloading bits (Mbits)

1 ‘ ‘ ‘ o
700 800 900 1000 1100
CPU cycles required for computing 1-bit of task-input data slot can be expressed as

Fig. 6. Energy efficiency and the total amount of offloadints biersus the BzU [n] = hz‘U [n] + Ah? [n], G; [n] = Gin] + AG;[n], Vi, n,

CPU cycles required for computing 1-bit of task-input data, A (49)
whereG;[n] = diag (h*[n]) h{[n]. AhY[n] andAG;[n] rep-
resent the channel estimation errors of the direct chammtl a

schemes. In addition, we also observe that the energy eﬁgscaded channel, respectively. Since the CSI error tigtura

ciency of all schemes increase with the mission period wh8§!0ngs to a bounded region, we have [52]

the mission period is less than 12 sec. The reason is that a ~ _ {HA;LU[R]H <¢ HAGZ_[H]H < C} Vi,n, (50)
larger mission period enables the UAV to adjust its trajgcto ’ ! 2 = 7 P S
adequately. Thus, the channel conditions between the UBV awhere¢ and ¢ are the radii of the uncertainty regions known
IoT devices can be effectively improved, which reduces thg the UAV.

energy consumed by task offloading and accordingly improveswith the CSI uncertainty sets (50), constraint (20e) wilténa
the energy efficiency. Besides, with larger mission pertbd, infinite possibilities. Besides, the CSI uncertainty s&8) (s

task offloading and edge computing can be executed Wilso valid on the SIC decoding order. Thus, we have
longer time, which further reduce the energy consumed b

computing. Nevertheless, with the further increase of imifss TB’W [n]+®[n]G,, [n]‘2 > |y ]+ ®[n)Gr, 0], U,
period, the flying energy consumption of UAV continues to (51)
increase and dominates the total energy consumption. Thusder the imperfect CSI, we can fist transform constraints
the energy efficiency gradual declines with the increase @0e) and (51) into finite linear matrix inequalities (LMIs)
mission period. Moreover, it can be seen that the increagg S-procedure and the general sign-definiteness [52]. , Then
of mission period brings more benefits for the full offloadingimilar to our proposed algorithm for solving problem (24y,
scheme. This is because the amount of offloading bits fptroducing several auxiliary variables and adopting tf@DB

full offloading is larger than the other schemes and the lodigorithm, the solution to problem (21) under the imperfect
devices can take full advantages of the RIS. Therefore, whe| can be obtained.

the IoT devices need to offload more tasks to the UAV-mountedin Fig. 7, we demonstrate the normalized channel esti-

MEC server, the energy efficiency can be greatly improved biation error bound versus the energy efficiency, where the
properly increasing the mission period. normalized channel estimation error bound is defined as
Fig. 6 illustrates the energy efficiency and the total amougt= ¢/ ||hY [N]Hz = ¢2/||G4[N]||5 . Our proposed algorithm

of offloading bits versus the CPU cycles required for compuind OMA with perfect CSI do not vary witly, which can

ing 1-bit of task-input data (i.e(};), wherel = 10sec and the serve as a benchmark for algorithm design with the imperfect
total amount of task-input bits of 10T devices is 200 MbitsCSI. On the contrary, the energy efficiency of schemes with
It can be seen that the energy efficiency decreases with thperfect CSI decrease with the increasecof his is because
increase of’;. This is because the increase(gfleads to more under the imperfect CSI, the channel gains that are used
energy consumption for computing, and therefore resultisén to schedule the task offloading decline when the channel
decrease of energy efficiency. Moreover, we observe that th&imation error increases. Thus, the energy consumpoion f
amount of offloading bits increases whéh becomes larger. task offloading increases and the energy efficiency decease
The reason is that the computing capacities of 10T devices avith the increase ofy. Besides, under the imperfect CSI,
weaker than the UAV-mounted MEC server. In order to ensune can also observe that the performance gain of NOMA
the tasks can be completed within the mission period, the l@eVer OMA diminishes. This is because under the NOMA
devices have to offload more tasks to the UAV. In additiomprotocol the channel estimation error results in more iosar
compared with the scheme without RIS, we also observe thiaterference, while the 10T devices under the OMA protocol
our proposed algorithm always offloads more task bits to tli@ not experience the inter-user interference.

‘ 2
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108 larger as the number of RIS elements increase, which further
41 ‘ ‘ ‘ verifies the necessity of joint optimization of UAV trajecyp
e phase shift, and resource allocation.
- —%— Our proposed algorithm Moreover, due to the channel estimation error, the energy
P — 9 OMA with perfect CS efficiencies of schemes with imperfect CSI are lower than
= 391 NOMA with imperfect CSH . . .
= —+#— OMA with imperfect CSI the corresponding schemes with perfect CSI. In additioa, th
§ 38l | NOMA schemes can achieve higher energy efficiency than
2 OMA schemes. To be specific, whéd = 10, our proposed
© 37} 1 algorithm is capable of enjoying 10% higher energy efficienc
=4 —4 than OMA with perfect CSI, while under imperfect CSl, the
o 367 1 performance gain of NOMA over OMA is 7%. These results
imply that the accuracy of CSI is more important for NOMA
35r 1 systems.
i
3.4 ‘ ‘ ‘ V. CONCLUSIONS
0 0.05 0.1 0.15 0.2 _ .
Normalized channel estimation error bougd, In this paper, the RIS-assisted UAV-enabled MEC systems

were investigated where the partial offloading scheme and

Fig. 7. Energy efficiency versus the normalized channelmedton error the NOMA protocol were adopted for 10T devices task

bound. . . . .
offloading. Aiming to maximize the energy efficiency, an
iterative algorithm with a double-loop structure was pregod

45210 ‘ ‘ ‘ based on the Dinkelbach’s method and BCD technique to
Imperfect CS jointly optimize the bit allocation, transmit power, phaseft,
al and UAV trajectory. Simulation results have shown that our
5 K proposed algorithm outperformed other baselines. It wes al
2 35t gain of NOMA over OMA | observed that with the aid of RIS, the energy efficiency can
2 be greatly improved only when the phase shift was carefully
§ . —&—Our proposed algorithm | designed, and the UAV tended to fly closer to the RIS to
£ Sm/:”:fvmﬁ?gﬁggft'CS, obtain a better channel condition, which was quite differen
3 |—#*—OMA with imperfect CSI from the UAV-enabled MEC without RIS. Besides, under the
@ 2:54—#— Without trajectory optimizatio 3 imperfect CSlI, the energy efficiency of the RIS-assisted UAV
| Random phase
—s— Full offloading enabled MEC system was decreased compared to the scheme
2 1 with perfect CSlI, and the performance gain of NOMA over
OMA was also declined.
15 : , .
5 10 15 20 25 APPENDIX A
Number of RIS element$/ PROOF OF THEOREM 1
Fig. 8. Energy efficiency versus the number of RIS elements. Proof: We prove the theorem by the sufficient and nec-

essary conditions. On one hand, according to (22), we
have (YN L H—a*N F *))] = 0. For an
. Impacts of the Number of RIS Elements (Z =1 L (@) " e Bl (2 )) y

N * N
F|naIIy, we investigate the impacts of the number of ngther % (Z =1 L[Z;L] (2) = a* 3 s Eln] (z)) < 0. Thus,
elements on the energy efficiency. In order to further demoxn 1E[Z](z 3 > EN E[[Z]]Ez; and z* is the optimal solution
strate the superiority of our proposed algorithm, besidies tof the energy efficiency maximization problem (20).

schemes without trajectory optimization, with random ghas On the other hand, i£* is the optimal solution of (20), we
and the full offloading scheme, we compare our propos@dye

algorithm with more advanced benchmarks, including OMA 22721 Lin] 52
with perfect CSI [30], NOMA with imperfect CSI, and OMA X ZN L En] o (52)

with imperfect CSI. As can be observed from Fig. 8, exce
the scheme without RIS, the energy efficiency of all schem L:len the equation (22) can be obtained from (52) after mpl
trgnsformation. Theorem 1 is proved. |

increases as the number of RIS elements grows. The rea
is that additional reflection elements will provide extraH3o APPENDIX B

for designing more efficient phase shift strategy. Our psejlo PROOFE OF THEOREM 2

algorithm always outperforms the schemes without trajgcto -
optimization, with random phase, and the full offloading Proof[ ﬁgc?rﬁlmgto (7)., itcan be found thaf™ /" —1 —
scheme. This is because the UAV trajectory, phase shift, ap P ?n”; Tn” ppy Then, with the definition ofSy, [n],
resource allocation are jointly considered in our propos%?e rle(;ursmn expression can be obtained as

algorithm. We also note that the performance gap between the o

proposed algorithm and the random phase scheme becomes S, , [n] (2R /B _ 1) = Sr.[n] = Sx,_,[n]. (53)
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Then we can further obtairb,,[n] = Sr,_, [n]2R?fff[”]/B,i €
T\{1}. If letting Sr,[n] = pr, [1]|hm, [n]]> + o2, we have

Sy RG]
Spln] = 2=— 75— ,i € I\{1}. Thus, the transmit power log
of 10T devicer;[n| at time slotn can be obtained as and
Sxinl —Sr_1n] .
P [n] = ] 5 [ ],2 e T\{1}. (54)
| 0]

Equation (54) is also valid for = 1 if we sety")_| R (n] =
0. Therefore, the total offloading energy consumption of IoT

devices during the mission period can be expressed as (24).

Theorem 2 is proved. |

APPENDIX C
PROOF OF THEOREM 3

Proof: The Lagrangian function of problem (25) can beve
expressed as

Proof: At first,

(5 +
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PROOF OF THEOREM 4

we define the functionf(z,y)

Is/2 + Zm 1 ( m/y + Cm)2+k3 , with cm > 0,
1, kQ,kg,b > 0. Then, the second-order partial deriva-

tives of f(z,y) can be given by

>f 1 ele+1)k1  koe(e/24+1) (60)
0x2  Aln2 xet2 2pe/2+1y )7
02 1 2k 402 2b,,Cm,
Of _ L _( 2k b | 2won) gy
Oy? Aln2 \ xe/293 y3 y?
2 1 k
o1 e, (62
0xOy  2AIn2 xe/2+1 42
where A = ’“1 + m5/2 + Zm L (b m/y+cm)2 + k3. Then,
havea > 0 and %g—yé — ;jg 8681 > 0. Thus, the

Hessian matrix off(x,y) is positive deﬁmtg andf(z,y) is
convex with respect ta: andy. Therefore,M;[n] is convex

N 1 loc 3
L(Q22) = Zl 21 (lioc[n] + 1R [n] — OZKIT(ltiz[n]) with respect tou,, [n] andw|n). ]
si_y RO ) UAV[ 1)3
—at (;Lﬂ.l[np ~ ﬁ[n]z> 27 - aw) APPENDIX E
S PROOF OF THEOREM 5
+ > wi (Z (locn] + 194V [n]) — Li> Proof: Given the energy efficiencyzk, the objective func-
N o tion of problem (21) is denoted d8(z")) after thel-th itera-
+ 2 > Yin (% - E) tion of Algorithm 3. Then, we have the following inequalgie
n=li=1 as shown at the top of the next page. The first inequality holds
N 2 M me because[n] 1) [VAY [n](+1) "andp;[n ]l+1) is the optimal
+ n; on t — Fuav solution to problem (21) when giveh, [n]"" andq[n]”. The
N second inequality follows the fact thét, [n ](”1) is solved via
+ 3 &Gin (T 0] — R [n]t), Algorithm 2 with given1°¢[n](+1) [UAV ]+ |, [n] 0+,
n=li=1 and q[n]"). The third inequality holds because the solution
» (55) to problem (35) does not decrease the objective function of
where QQ g {lloc ZUAV ], Ri{i [n], Wi, 1/)1'7", Sny gln} P |

Then, the derivations dE(QQ) with respect tdl°<[n], IVAV [5] problem (21). Sincd’(z) is upper bounded, Algorithm 4 must

and R%"[n] can be given by

2
OL (Q2) 3arkior (11°°[n)) i nC
_ " = __ i ,—7 56
ol [n] 2 e 0 [1]
oL (Q2 3ak [UAV Iy n
Uz(WQ):_ vav (I7AV[n))* +wz+€wmn+§
LA [n] 2 o 2
i off (57)
OL(R2) _  atln?2 1 _ 1 2@
aRoff[ 1~ B B, [n]? hﬂ+1["]2 3
+t —&int. g
(58)

According to the KKT conditions, by setting the derivationsl4]
of L(22) to zero, the optimal solution to problem (25) can be
obtained as (26), (27) and 5]

i £f
po) Y R?\'j [n]

92 = o 1- gi,n

aln?2 1 _ 1
B B, [n]? By [n]?

And then, by substituting (59) into (54), the optimal traiitsm 7
power of 10T devicer;[n] at time slotn can be obtained as
(28). Theorem 3 is proved. |

(59)
[6]

(8]
APPENDIX D

converge after limited numbers of iterations.
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