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Abstract

In this paper, we proposed a data relay system consisting of multiple unmanned aerial vehicles (UAVs) and acess point (AP)
with the aim of maximizing the minimum receiving rate of Internet of things devices (IoTDs) as the optimization objective. To
enhance the utilization of communication resources, we employed non-orthogonal multiple access (NOMA) and successive
interference cancellation (SIC) techniques at the AP side. In addition, we used the Wireless power transmission (WPT)
technique on the UAV side to charge the IoTDs and prolong their operational lifetime. We formulated the problem as a
mixed integer nonlinear programming (MINLP). To solve the MINLP problem, it was decomposed into four subproblems:
connection scheduling between UAVs and [oTDs, time slot allocation, UAV trajectory, and AP’s power distribution. Finally,
we solved all subproblems by using convex optimization techniques, such as successive convex approximations (SCA), and
proposed an iterative algorithm. In the simulation, we compared our proposed algorithm with different optimization schemes.
The results indicated that our scheme outperforms the others.

Keywords Data relay system - Non-orthogonal multiple assess - UAV trajectory optimization - Mimimal average receiving

rate maximization

1 Introduction

Thanks to their high mobility and flexibility, UAVs can serve
as Mobile Edge Computing (MEC) platforms for process-
ing data offloaded by IoTDs (Seid 2021; Wang 2018b; Liu
et al. 2022). Additionally, they can act as relay devices to
transmit tasks to base stations for computation (Baek and
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Lim 2019; Zhong et al. 2019). Although traditional fixed
relay devices have been extensively studied, it is difficult to
meet the communication needs in complex terrain environ-
ments (Jing and Jafarkhani 2009; Kim et al. 2015; Gao et al.
2019). Compared to traditional fixed relay devices, UAVs
possess the unique capability to adjust their positions based
on device locations. This feature is particularly advantageous
for delay-sensitive tasks as it enables us to determine the
optimal position of UAVs to meet low-delay requirements.
Furthermore, UAVs, being aerial platforms, excel at navigat-
ing complex terrains. Unlike traditional relay devices that are
easily obstructed, UAVs flying at high altitudes can establish
Line-of-Sight (LoS) communication with devices (You and
Zhang 2020). UAVs can also act as relay devices to forward
data from base stations to IoTDs in certain scenarios, such as
post-disaster relief. After the base stations in the disaster area
are destroyed, the trapped people are unable to receive infor-
mation from the outside world. Therefore, we can deploy
UAVs as temporary communication devices to relay external
information and safety instructions to portable communica-
tion devices, such as smartphones and smartwatches, carried
by the trapped individuals.
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In this paper, we proposed a relay system consisting of
multiple UAVs and an AP, where the AP is responsible for
sending data to the UAVs and the UAVs are responsible for
forwarding the data from the AP to IoTDs. To ensure reliable
data delivery, we employ the Wireless Power Transmis-
sion (WPT) technique, enabling UAVs to charge the IoTDs.
Finally, we have maximized the average minimum rate at
which IoTDs receive data as the optimization objective. The
main contributions are as follows:

(1) The NOMA and SIC techniques are used to enhance the
communication rate between the AP and UAVs. Addi-
tionally, we proposed a parameter optimization problem
based on power allocation for the AP. The problem
strictly follows the SIC demodulation order. Since this
problem is a non-convex problem, we solved it using
convex optimization methods such as SCA and obtained
an approximate optimal solution for power allocation.

(2) To further solve the problem of time slot allocation prob-
lem. We divided the entire cycle into multiple sub-slots.
Each sub-slots is used for data transmission between
the AP and UAYV, power transmission between the UAV
and IoTDs, and data transmission between the UAV and
IoTDs, respectively. Since the problem is a linear pro-
gramming problem, it was solved by CVX solver.

(3) Since multi-UAV trajectory optimization is a nonconvex
problem with complex mixed variables, we optimized
the trajectory of each UAV step by step while fixing
the trajectories of other UAVs by the BCD method. The
nonconvex constraint was transformed by introducing
relaxation variables and using the SCA technique to
obtain an approximate optimal solution for the trajec-
tory.

(4) In the simulation results, we not only demonstrated
the performance of the algorithm against other opti-
mization methods, but also compared the difference
in UAV receiving rate between OFDMA and NOMA
schemes. Finally, we also investigated the effect of dif-
ferent parameters such as maximum flight speed, system
period, UAV flight altitude, and UAV transmitting power,
on the optimization objective.

2 Related work
2.1 UAV-assisted relay system

In the papers (Li et al. 2019; Wang 2018a), the authors dis-
cussed the latest advancements and future prospects of UAV
communication in the 5 G era and beyond. In Li et al. (2019),
the authors discussed the capabilities of UAVs. They high-
lighted that UAVs can not only perform data forwarding
but also transmit energy to users using WPT technology.
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Furthermore, the authors mentioned that the flight time of
UAVs can be extended by equipping them with solar panels
to collect energy. In Zeng et al. (2016), Zeng et al. pro-
posed a UAV-supported relay model. The communication
from source to destination nodes was achieved by deploy-
ing UAVs as relay systems. The transmitting power of the
source node and relay, and flight trajectory of the UAV were
optimized to maximize the throughput of the system. Ji et
al. in Ji (2020) considered the deployment of a UAV relay
in the case of difficult communication between the base sta-
tion and user. The sum of transmission rates of all users was
maximized by optimizing the UAV trajectory, speed, accel-
eration, and scheduling of UAV's and devices. In Liu (2023),
Liu et al. considered the worst-case scenario of car and base
station communication, taking into account the presence of
eavesdroppers. They proposed the deployment of UAVs with
reconfigurable smart surfaces as relay systems to assist com-
munication. In Jiang et al. (2019), Jiang et al. designed
a UAV-assisted relay system to forward data from multi-
ple ground devices via time division multiple access. The
authors optimized the time slot allocation, power allocation,
and UAV flight trajectory to maximize the minimum aver-
age data rate of each communication pair. In Zhang (2022),
Zhang et al. proposed a multi-UAV collaborative relay sys-
tem to enhance the duration of communication. Specifically,
multiple UAVs work one after the other as substitutes. The
authors designed heuristic substitution and spectrum effect
substitution schemes.

2.2 UAV-assisted NOMA technology

In recent years, there has been extensive research on Non-
Orthogonal Multiple Access (NOMA) technology (Yadav
etal. 2020; Zeng 2018; Liu et al. 2019). NOMA has garnered
significant attention due to its potential for improving spec-
tral efficiency and accommodating a large number of users
in wireless communication systems. Due to the limited fre-
quency band resources, many studies on MEC considered the
application of NOMA technology. In Diao et al. (2019), Diao
et al. proposed a UAV-assisted mobile edge computing sys-
tem based on NOMA technology to minimize the maximum
energy consumption among all users by optimizing trajecto-
ries, task data, and computational resource allocation. Katwe
et al. in Katwe et al. (2021) designed an unconventional two-
stage dynamic user interface. Clustering user nodes to reduce
interference between multiple UAVs. In the first step, all user
nodes will be divided into groups equal to the number of
UAVs using the k-means algorithm. Then, the user nodes are
further divided into dynamic number of sub-clusters using
elbow method, and k-means method based on their distribu-
tion location. Rezvani et al. in Rezvani et al. (2022) proposed
globally optimal power allocation strategies to maximize the
total rate and energy efficiency as the optimization objectives,
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respectively, and solved them by the fast water-filling algo-
rithm and the Dinkelbach algorithm. Wang (2020a) proposed
adevice-to-device-enhanced UAV-NOMA network architec-
ture that allowed ground users who have already received File
Blocks (FBs) to reuse the time—frequency resources assigned
to NOMA links to share their FBs with other ground users.
In Mirbolouk et al. (2022), authors deployed UAVs to act as
relay systems for satellites and ground equipment and pro-
posed a hybrid satellite-unmanned aerial vehicle (UAV) relay
network (HSURN). Meanwhile, the authors used coordinated
multi-point transmission and NOMA techniques to enhance
the spectral efficiency.

The work in Ji (2020) and Mirbolouk et al. (2022) are the
most relevant with our research work. However, the authors in
Ji (2020) did not consider the deployment of multiple UAVs,
and the optimization target was the sum of transmission rates
for all users. This approach results in low transmission rates
for certain users. The work in Mirbolouk et al. (2022) did not
apply the WPT technology and did not consider the AP and
UAV communication processes in the model. In this paper,
we proposed a system that combined a single AP and multi-
UAV. The spectrum efficiency was enhanced by using NOMA
and SIC techniques during the process of transmitting data
from AP to UAVs. In addition we have targeted to maxi-
mize the minimum average receiving rate among the IoTDs.
Finally, the simulation results showed that our model was
superior to other.

The rest of the paper is organized as follows, Sect. 3. intro-
duces our system model and Problem Formulation, and Sect.
4 describes the problem solving process. In Sect. 5, we pre-
sented the simulation results and analyze the data. Finally,
we concluded the paper in Sect. 6.

3 System model and problem formulation
3.1 System model

Our system includes U rotary wing UAVs, K IoTDs and one
AP. As shown in Fig. 1, the workflow of the entire system is
as follows: The AP initially sends data to the UAVs, which
receive the data and then transmit power to the connected
IoTDs before forwarding the data. The UAV receives and for-
wards the data in frequency-division duplexing (FDD) mode.
The horizontal coordinates of the kth IoTD correspond to wy
=[x, yk]T, where k € IC = {1, 2,..., K}, and the ground
coordinates of the AP are w,, = [x,, ym]T. For quantitative
analysis, the entire flight period 7' of the UAV is divided
equally into N time slots. Each time slot has a length of ¢,
calculated as T/N. The value of N is large enough to ensure
that the UAV is considered immobile in each time slot. The
flight altitude of all UAVs is denoted as H, and the horizon-

Chargingof UAVto loTD ~ ------ [> Data Transmission of UAV to loTD

Data Transmission of AP to UAV with NOMA

—_

Fig.1 The system model

tal coordinates of the u € U={1,2,...,U} UAV at the n-th €
N={12,...N} time slot is ¢, [n]=[x,[n],y,[n]]”.

Notably, we assumed that UAVs fly according to a periodic
pattern, so that the initial position ¢,[1] and final position
qu[N] of the u-th UAV are equal.

qulll = qu[N] Yu el ey

The maximum flight speed of the UAV is set to V,,,4y, and
to prevent collisions of UAVs, we set a safe distance d,;ip
to ensure that no collisions occur between UAVs, in which
all UAVs should satisfy both speed and anti-collision con-
straints.

I guln + 11 = qulnl)> < (Vmax?)*> YuelUd,n e N (2)
I gjln]— gen11? = (dmin)* Vi kelUj#k 3)

To simplify the analysis, we made an assumption regard-
ing the area of operation for the multiple unmanned systems.
We assumed that the area is an open space, where the
influence of terrain and obstacles can be disregarded. Addi-
tionally, we assumed that there is no occlusion from UAVs to
JoTDs and AP. Therefore, our data transmission can be con-
sidered as LoS transport. The channel gains from the UAV
to the AP and the IoTD are denoted as h,,[n] and A i [n],
respectively. The relevant channel formula is as follows.

hauln] = Body2n] 4)
huln] = Bod 2 ln] Q)

where S indicates the channel power gain at the unit distance
do =1m. d,;, and d, represent the distance from the u-th

@ Springer



7128 Q.Tang et al.
to different users at the transmitter side directly affects the
3 Rl . .
demodulation performance of the SIC receiver and also deter-
time slot 1 | | time slotn | | time slotN

AP to UAV charging UAV to loTD

Fig.2 The communication model

UAV to the AP and the k-th IoTD respectively, which can be
expressed as

dgy[n] = \/H2+ I quln] — w? (6)

dygln) = | H24 | quln) — w2 )

We defined a,;[n] as the connection scheduling between
the u-th UAV and the k-th IoTD at the n-th time slot. a,;[n]=1
indicates that the u-th UAV and k-th IoTD establish a con-
nection at the n-th time slot. 0 means no connection.

K
D aninl=1 YneN,uel (8)
k=1
U
> aninl=1 Vne N Vk ek 9)
u=1
awln] €{0,1} YkeK,uel,neN (10)

Constraint (8) indicates that one UAV can only connect
to one IoTD at each time slot, and equation (9) means that a
UAV can be only connected to one IoTD per time slot.

The communication model of the entire system is shown
in Fig. 2. We divided each time slot into three subslots: the
transmission time #4[n] from the AP to UAVs, the transmis-
sion time #,[n] from UAVs to IoTDs, and the time ¢.[n] for
power transmission from UAVs to IoTDs. It was worth not-
ing that AP can send data to multi-UAV at the same time,
but UAVs can only send data to one IoTD in single time slot.
The relevant constraint can be expressed as follows.

0<ylnl<t VneN (11)
0<tnl<t VneN (12)
0<tfnl<t VneN (13)
taln] + ty[n] +te[nl =t VneN (14)

Based on the rules of NOMA in the downlink capacity
domain. The NOMA transmitter sends the data of different
users overlapping each other, while the receiver distinguishes
between the signals of different users based on their respec-
tive signal strengths. Therefore, the power level assigned
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mines the sum rate of the NOMA system (Islam et al. 2016;
Miridakis and Vergados 2012). In our system, we allocated
more power to the UAV with a weaker channel gain to ensure
the basic data rate requirement. It is assumed that the chan-
nel gain satisfies hy1 < hg2 ... < hgy < -+ - hyy, then the
transmitted power have P| > P, --- > P, > ... Py.

During the data transmission from the AP to UAVs, the
amount of data sent by the AP to the u-th UAV in the n-th
time slot is

Py[nlhgy[n]

Dgyln] = Bylogy | 1+ U tan]
82 4+ Z Pj[nlhgj(n]
j=u+1

15)

where By, 82 and P,[n] are the Bandwidth between AP and
UAY, noise power and transmitting power from the AP to the
u-th UAV, respectively.

FromEq. (15), we can see that we should prioritize demod-
ulating the UAV with the worst channel gain and then remove
it from the superimposed signals. Because its assigned power
is the largest, it causes more interference to other UAVs. At
this point, we considered the signals from other UAVs to be
interfering with our signals. Then, the UAV with the second
lowest channel gain is demodulated and removed from the
superimposed signal. This process is repeated until all UAVs’
data has been demodulated.

The total transmit power of the AP is P;,. The sum of
the power allocated by the AP to the UAVs in each time slot
should be equal to its total power, and the power allocated to
each UAV should not exceed its total power.

U
Y Punl < Py VneN (16)
u=1

0<Pnl <Py YneNuecld (17)

The size of the data volume sent by the u-th UAV to the k-th
[0TD in the n-th time slot is

Puavh
Dykln]l =log, | 1 + wavhuk[n]

U
18
82 + Z Puavhjk[n] (18)
J=1,j#u

X ay[n]Bity[n]

where, P,,, indicates the transmitting power of the UAV. B;
is the bandwidth between the UAV and the IoTD.
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Meanwhile, the amount of data forwarded by the UAV to Y
i " =1V s 2

the IoTD at each time slot cannot exceed the amount received I; aukln] neN.kek (23¢)

from the AP at that same time slot. amln] € 10,1} VkeK,ucU,ne N (23h)

0<tyn] <t,0<t4[n] <t,0<t[n] <t Vne N (231)

Dauln] = Duk[n] n e N (19) taln] + tuln] + telnl =t Vn e N (23))

. . , I quln+ 11— qulnll® < (Vmax?)® YueUneN  (23k)

The average receiving rate of IoTD k during the entire duty | qiin] — il > dosn)® Vi k €U j £ K 231)
cycle is the total data volume divided by the total time. qu T kI = min = T 7

Lo ;Pu[n] <Py VneN (23m)

Ry = EZ > Duln] (20) 0= Puln] < Py Vn e Nowctd (230)

u=ln=1 Py > Piln] > Pylnl... > Pyln] >0 Vne N (230)

We assumed that a UAV charges [oTD with a constant power
P, before transmiting data to the connect [oTD. So the energy
collected by the IoTD during the n-th slot can be written as

Ex[n] = e Peaur[nlhuk[nltc[n] 2

where ¢ indicates the energy conversion efficiency, which is
restricted to (0, 1]. To ensure that IoTDs have enough power
to receive data transmitted from UAVs. We required that the
energy received by the IoTD at this time slot is greater than
the energy consumed by it to receive the data.

Er[n] = au[n]Piotatuln] Vk e Kine N,u ecld (22)
where P;,:q is the power of [oTDs when receiving data.

3.2 Problem formulation

Our optimization variables are connection scheduling A =
{auk[n), Yk € K, u € U, n € N}, UAV’s data receiving rate
time ¢, = {t,[n], n € N'}, UAV’s data forwarding time ¢4 =
{tsn], n € N}, UAV’s charging time ¢, = {t.[n], n € N},
transmitting power of AP P = {P,[n], n € N, u € U} and
UAV’s flight trajectory Q@ = {qu[n], n € N, u € U}. Our
object is to maximize the one with the lowest average receiv-
ing rate among all IoTDs by optimizing the variables A, ¢,,,
ty, te., P and Q. For simplicity, we introduced the variable
Z = min Ry, k € K. So, the optimization problem can be
formulated as

P1) :
max Z (23a)

Aty tg,te,Q.Z,P

st. Rk >Z VkeKk (23b)
Ei[n]l > auk[nlPiotatuln] Yk e K,n e Nyueld (23c)
Dyylnl = Dykln] neN,uel,kek (234d)
qull]l = quln] Yuel (23e)
K
Y awlnl=1 VneN,uel (231)

k=1

(P1) is a MINLP, NP-hard problem, then we will decom-
pose it into some subproblems and use the BCD method to
solve them.

4 Problem solving

4.1 Connection scheduling optimization

To optimize A with fixed ¢,,, t4, t., Q and P, the objective
function and the related constraints can be written as

P2):
max Z (24a)
s.t. (23b) — (23d), (23f) — (23h) (24b)

Since a,x[n] is a binary decision variable. Problem (P2) is
a mixed integer programming problem, it is difficult to solve
it directly. However, we can define the variable return values
as binary variables and solve them with the Moesk solver.
The Moesk solver in CVX can solve mixed integer program-
ming problems based on convex optimization algorithms and
exhaustive search (such as branch and bound algorithms).
Related applications of the solution can be found in the paper
in Wang et al. (2020b)

4.2 Time slot allocation optimization

To optimize t,, t4 and ¢, with fixed A, Q, and P, the objec-
tive function and the associated constraints can be written as

P3):
max_ Z (25a)
ty tq,te,Z

5., (23b) — (23d), (231) — (23)) (25b)

It is observed that the objective function and the con-
straints (25a)—(25b) are linear, then we can solve (P3) by
CVX.

@ Springer
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4.3 UAVs' trajectory optimization

To optimize Q with fixed ¢,, ¢4, t., A and P, the objective
function and the associated constraints can be written a

P4) :
max Z (26a)
5.1, (23b) — (23¢), (23K) — (23]) (26b)

Although the constraint (23k) is linear with respect to
the variable @, the presence of the objective functions and
constraints (23b)—(23d) and (231) results in the problem
remaining a complex nonconvex problem.

Since equations (23b)—(23d) contain multi-UAV trajec-
tory variables that are coupled with each other, solving them
directly is extremely challenging. Therefore, we adopted the
BCD method to solve multi-UAV trajectories. We assigned
an initial trajectory to each UAV, optimize the trajectory of
one UAV while keeping the trajectories of other UAVSs fixed,
and update this UAV’s trajectory. In this way, each UAV tra-
jectory is optimized. The u-th UAV’s optimization problem
can be rewritten as follows.

(P4.1) :
Iél“a)é 4 (27a)
5.t (23b) — (23¢), (23k) — (231) (27b)

We noted that Ry is convex with respect to the variable
I guln] — wiln] ||2, which can be solved by successive con-
vex optimization techniques. In each iteration, we used the
Taylor series expansion of Ry to replace itself and obtain an
approximate optimal solution. || qﬁl) [(n]—wi[n]|? represents
the Taylor series expansion points of the /-th iteration. Ry in
each time slot can be replaced by its lower bound, defined as

U N
RP = & El n; Bayi[n1L!% [n)t,[n] (28)

To simplify the formula we replaced the constant ||
qﬁl) [n] — wi[n] ||2 in the Taylor expansion with .

)
Lih[n] =log, <1 - F”kT[n] + H2>
—C 1 quln] — wilnll> — ¥)

Puavh
§log2 1+ uavhuk[n] (29)

U
82 + Z Puavhjk[n]
J=1.j#u

@ Springer

where
FM(Q[”] _ LII)MHUIBO (30)
82 + Z Puavhjk [n]
J=1j#u
0) logz(e)F(Q[n]
O = - u 31)

(H? + )" + FOn1H? + FP[n1y

Itis noted that || g, [n] —wg[n]|| 2 js a convex function with
respect to g, [n], so R’ is also convex with respect to g, [n].
Then constraint (23b) is transformed to convex constraint.

It is observed that Ex[n] is convex with respect to ||
quln] — wg[n] ||2, so E[n] can obtain its lower bound E,l(h [n]
by Taylor series expansion to obtain an approximate optimal
solution

P.[nlt,
E]l(h[n] _ eayk[n] 2L [n]t.[n]Bo
H? 4+
(I g,[n] — well®> — ¥)
= |« loga(@eauklnl Pelnliclnlfo (32)
2 2
(H=+Y)
E®[n] > aun]Pioratuln] (33)

Then constraint (23c) is converted to convex constraint.

For the left-hand side of the constraint (23d) we can obtain
its lower bound by Taylor series expansion, and for the
right-hand side of the inequality we introduced a relaxation
variable to obtain its upper bound. To simplify the formula
we replaced the constant || qbsl) [n] — wy[n]||? in the Taylor
expansion with p, and we have

D [n] > D%[nlneN (34

where

D (nl = B.1 | Fin
au[”] = b,108; + ,0+H2
—COn1l g,[n] — wn1l* — p)

Py[n]hayln]

< Bylog, | 1 + U taln]
82+ > Pjlnlhjuln]
j=u+1
= Dauln] (35)
PM(,{U %
D“[n] = auln]Bilog, | 1+ et tuln]
52 + Z Puuvhjk[”]
j=1j#u
Puav H?+||q [f?—wk[n]l\z
> ayi[n]Bilog2 | 1+ “ ty[n]

U
82+ Z Puavhjk [n]
J=1,j#u
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= D, [n] (36)

where, 0, r[n] is the slack variable we introduced to make
the right-hand side of the constrained (23d) inequality convex
obeys the following constraint.

Ouilnl <l g [n] — wilnl|2Vu e U,k e K,n e N (37)

Adopting slack variables does not cause the original prob-
lem to lose its optimal solution because the right-hand sides
of (23d) and (36) are equivalent when (37) is set to the equal
sign. If not, the value of 6, x[n] can be gradually decreased
to obtain an upper bound for DZ,? [n]. The constraint (37)
leads to a problem that is not yet a standard convex opti-
mization problem. To address this, we converted (37) into a
linear constraint by performing a Taylor series expansion.

4" (n] — weln]I* + 2(¢ (0] — wi) (g, [n] — w[n])
>O,knln e N,uel, ke K (38)

As for (231), it can be used continuous convex optimization
techniques to transform it into a linear constraint.

— 1 41n) = qj1nlI* +2(¢"1n] — ¢ 1)) (g, [n] — q;1n)
2drznin’/le./\/’,lrlGZ/{,_]'EZ/{,j;tEM (39)

Through the above series of transformations. The original
problem can be reformulated as

P4.2) :
QT;ZZ Z (40a)
st. RP>7Z vkek (40b)
EY>Ey Yueu (40¢)
D% [n) > D"2[n] neN (40d)
(23e), (23k) (40e)
(38) — (40) (40f)

It can be seen problem (P4.2) has been transformed into
a standard convex optimization problem that can be solved
by CVX.

4.4 AP’s power distribution

To optimize P with fixed ¢,, ¢4, t., A and @, the objective
function and the associated constraints can be written as

P5) :
rgyazx Z (41a)
5.t (23d), (23m) — (230) (41b)

‘ g ® | t O | t, © |

D,y @ Dui
AP to UAV charging UAV to IoTD |:>
D,, (* Dy (1)
| tg (# | t ) | t, (1) |

AP to UAV charging UAV to loTD

Fig.3 Problem P5 conversion

The theoretical transmission rate sent by AP to the u-th
UAV at the n-th time slot is calculated as

Ruln] = Bulog | 1+ Pulnlhauln] (42)

U
824+ Y Pjlnlhgjln]
j=u+1

We can see that the transmission rate between AP and
UAV is affected by the AP power allocation. So, we can
improve its transmission rate by optimizing the power allo-
cation, which will further effect the boundaries of constraints
in (23d). Specifically, We can see from Fig. 3 that due to the
increase of the rate from APs to UAVs, the time 7; spent on
transmitting data decreases, which leads us to have more time
t, allocated for UAVs to forward the data to IoTDs. Therefore,
D, will be improved further leading to the improvement of

the objective function.

Since the objective function does not contain the variable
P, and in order to maximize the transmission rate from the
AP to the UAV to allow the UAV have more time 7,, to transmit
data to the IoTDs, and thus to maximize the objective func-
tion Z in problem (P5). We formulated the following problem
concerning the maximization of the sum of the transmis-
sion rates from the AP to the UAV. The specific optimization
objective and constraints can be written as

P5.1) :
U
1}]131)]( ; R.[n]l neN (43a)

s.t. (23d), (23m) — (230) (43b)

The object function and constraints (23d) are nonconvex.
We firstly splited the expression in (23d) containing the vari-
able P into the difference of two concave functions. The
process is as follows

Py[nlhgu[n]

log, | 1+

U
82+ 3 Pjlnlhejln]
Jj=u+1

U
= log, <52 +Y P [n]hai[n])

i=u
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U
—logy [ 82+ > Pjlnlhln] (44)
j=u+1

To further convert (44) to convex, we use SCA to replace
the second half in (44) with its Taylor series expansion. The
derivation process is as follows

U
Ghinl=log, [ 82+ > P [nlhgjin]
Jj=u+1

U
E: haj[n]

j=u+1

+(P;[n] = P{"[n]) -
82+ Y P nlhyln]

j=u+1
U
<log, [8°+ Y Pjlnlhyln] (45)
Jj=u+l

Then we can obtain a lower bound on the transmission rate
of the UAV.

U
R[n] = B, (10g2 (82 +Y P [n]hm[n]> -G [n])(46)

i=u

And problem (P5.1) is rewritten as

(P5.2) :
U
r;g[%( ; RLI’ [n] neN (47a)
s.t. R%t4[n] = Dyln] neN (47b)
(23m) — (230) (47¢)

Since the problem (P5.2) is a convex problem, we can
obtain an approximately optimal solution to the original prob-
lem by solving it with the CVX solver.

4.5 Overrall algorithm

In this section, we proposed an overall iterative algorithm,
as shown in Algorithm 1. We optimized variables A, U, t,,;
ty; t. and P by solving subproblems (P2), (P3), (P4.2) and
(P5.2). Among them, (P4.2) and (P5.2) are approximately
optimal solutions due to the continuous convex approxima-
tion technique. Therefore what we get in Algorithm 1 is an
approximately optimal solution at least.
dummy

@ Springer

Algorithm 1 : Iterative Alternating Algorithm

1: initialize A©, 1+ 19 0O PO =0

2: Repeat

3: Solving problem (P2) by the given 7", 1,1, 0¥ and PO, the
obtained solutions can be expressed as A(*+D.

4:  Solving problem (P3) by the given AY*D, 0® and P, the
obtained solutions can be expressed as tb(,H'l), télﬂ) and t§l+1).

5: For (u=1,u < U,u++)

6:  Solving problem (P4.2) by the given AC+D (IFD, t(gH'l), (D
PO, Qfl) (i € U,i # u) the obtained solutions can be expressed
as Q;Hl).

7:  Update QL(,I)

8: End

9:  Solving problem (P5.2) by the given AUHD, zL(,H]), tyﬂ), tc([“)
and Q([“), the obtained solutions can be expressed as pU+D,

10:  Update [=/+1.

11: Until Optimization variables converge within the given accuracy.

4.6 Complexity and convergence
4.6.1 Complexity analysis

Since the CVX solver is based on the interior point method,
its complexity is O(n3? log(1/¢)), where n represents the
number of variables and ¢ represents the target accuracy.
Therefore, the complexity of steps 3, 4, (5-7), and 8 are as
follows

L1 = O(NK)*3log(1/e))
L2 = O((3N)*3log(1/¢))
L3 = O((NU)* log(1/¢))
L4 = O(N(U)* log(1/¢))

The overall complexity of the final algorithm can be rep-
resented as O (I x (L1+4 L2+ L3+ L4)). where [ represents
the total number of iterations of the algorithm.

4.6.2 Convergence analysis

The value of the objective function is defined as Z. To
simplify the expression, we denote the three optimization
variables 7,,t; and t. by Tj.
zA' 1), ', P

(a)

<z 1), 0, Ph

b

(E) Z(AHY, T ol Py

()

d
(5) Z(AP T i+ plt) 48)
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Table 1 Parameters settings

Parameters Value

Bandwidth By, B; 40 MHz, 20 MHz

Length of each time slot ¢ 0.1s
Number of time slots N 300
Minimum task size Din 5 x 107 bit
Total transmit power of the AP Py 20 W
Transmitting power of UAV P,y 1w
receiving power of [0TD Piq 0.1 mw
Charging power of UAV P, 47 dBm
Noise power 82 —40 dBm
Channel power gain Sy —20dB
Safe distance dpin 10m
Maximum flight speed Viax 10 m/s
Energy conversion efficiency & 0.85

Firstly, we analyzed the iterative process in a round. Since
all our subproblems (P2), (P3), (P4.2), and (P5.2) already
satisfy the standard convex problem. Therefore, during the
I-th round, the solution of each subproblem leads to a gradual
convergence of the objective function, which means that the
inequalities (a), (b), (c) and (d) hold.

In order to analyze the convergence between the /-th and
the (/+1)-th round, we further denote the optimized results
for these two rounds as Z® and Z¢+D respectively. Actu-
ally, the z® equals to Z(Al, Tvl Ql, Pl), and Zz(+D equals
to Z(AH, I @!*1 pI+1y in (48). According to the
inequalities (a), (b), (c) and (d), we know that Z 0 < zU+D,
which means the objective function Z converges between any
two rounds. When the difference between any two objective
values of adjacent rounds is less than a threshold, the algo-
rithm completes convergence.

5 Numerical results

In this section, we conducted a comprehensive analysis of
numerical results to verify the effectiveness of the algorithm.
Our system consists of M =2 UAVs, K = 10 [oTDs and an
AP. we assumed that all UAVs fly at an altitude of H = 5m
and all IoTDs are randomly distributed in a horizontal area of
200m x 200 m. For detailed parameter settings we referred
to Wang et al. (2020b) and Xu et al. (2018), as shown in
Table 1.

Firstly, Fig. 3 verifies the convergence of our algorithm.
It can be seen that the objective function does not increase
after several iterations. This indicates the high efficiency of
our algorithm. Figure 5 provides a comparison between our
optimized trajectory and the initial trajectory. By visualizing
these trajectories, we can evaluate the effectiveness of our

le6

g rate(bps)
» »

w
©
A

w
IS
L

Max_min loTDs receivin
w
(o))

w
N

0 2 4 6 8
Number of iterations

Fig.4 The convergence of proposed algorithm

algorithm in improving the trajectory planning. It is worth
noting that when designing the initial trajectory, several
aspects need to be considered. Firstly, the initial trajectory
should be as simple as possible and cover most IoTDs. Addi-
tionally, we need to ensure that the initial trajectory satisfies
our collision prevention constraint. Therefore, the initial tra-
jectories of UAV 1 and UAV 2 have the center coordinates
(50, 100) and (140, 90) respectively, and the radius of the tra-
jectory circle is set to 45 m. At the same time, we initialized
the power allocation of the AP based on the initial trajectory.
We initialized 12W and 8W to the UAVs with poor and good
channel gain for each time slot, respectively. The optimized
trajectory shows that the UAV will be as close as possible to
the served IoTDs to obtain a higher channel gain, which will
also increase the transmission rate. Figure 5 shows the com-
parison between the initial and optimized trajectories of the
UAV, and it can be seen that UAVs trajectory is optimized to
be closer to [oTDs, which is to get a better channel to improve
the transmission rate.

Figure 6 shows a comparison of the average receiving
rates of the different IoTDs in the initial and optimized tra-
jectories. From Fig. 6, it is evident that optimizing the flight
trajectory of the UAV results in a significant improvement in
the transmission rate. The improvement of IoTD1, IoTD3,
and IoTD?9 is more noticeable. This is because they are fur-
ther away from the initial trajectory.

Figure 7 illustrates the correlation between the speed of
the UAV and the variation in time gap. From the data in the
figure we can get that UAV 1 will reduce its speed when
approaching the IoTD to get a better channel gain and then
has traveled faster to the next IoTD.

To evaluate the performance of our algorithm, we opti-
mized P and A by different methods, respectively. For AP
power allocation, we firstly adopted two fixed allocation
algorithms, one is to allocate to strong IoTD and weak IoTD
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le6
P Initial Trajectory 8 3078.2310 s 3313.3541s 3109.3243 s
8_ Optimized Trajectory
o 9 3189.4272 s 3578.1475 s 3220.2345 s
% 31 10 3312.7241 s 3710.2365 s 3355.6174 s
; 11 3457.3793 s 3896.8173 s 3489.7421 s
§ 41 12 3589.6313 s 4063.5356 s 3616.4725 s
‘©
O
g 34
a
5, The figure demonstrates that our algorithm surpasses the FP
o algorithm and is closed to the GS algorithm. However, the
€ GS algorithm takes more time to sample, which we can see
111 . . .o
x from Table 2 that the runtime of the GS algorithm is higher
= than that of ICOS. Figure 9 shows the power allocated to dif-
0 . r . . . ; ; . . .

1 2 3 4 5 6 7 8 9 10
1oTD index

Fig.6 10oTDs receiving rates for initial and optimized trajectories

according to 20% and 80% of the total power. this allocation
algorithm is defined as “FP1”. The other allocation method
is 40% and 60%, defined as “FP2”. In addition, we used a
global search method that lists all power allocations with an
accuracy of 0.001W, following the NOMA power allocation
principle, which is named *GS’ algorithm. Our algorithm is
named the “ICOS” algorithm. Figure 8a, b show the vari-
ation of the objective function for different settings of the
number of IoTDs and the total AP power, respectively. It
can be observed that the objective function decreases as the
number of users increases. This is because the number of
time slots allocated to each user decreases in each cycle. In
addition, increasing the total power of the AP will enhance
the transmission rate from the AP to the UAYV, thereby further
improving the transmission rate from the UAV to the IoTDs.

@ Springer

ferent UAVs by our power allocation algorithm at each time
slot.

For the optimization of connection scheduling, our algo-
rithm is compared with two other methods. One is a random
connection(RC), in which the UAV selects a random [oTDs
connection at each time slot, and the other is the closest
connection(CC), where the UAV selects the closest IoTD
to communicate with at each time slot. Figure 10a, b show
the variation of the objective function for different settings of
the maximum flight speed and the number of [oTDs, respec-
tively. We can learn from the figure that the RC connection
algorithm has the worst performance because of its stochas-
tic nature. the CC algorithm is close to our performance, but
since our optimization objective is to maximize the mini-
mum average receiving rate of [oTDs, the CC algorithm may
result in some of the IoTDs that are far away from the UAV
with less number of connections not being able to obtain the
optimal solution.

To verify the performance of NOMA and SIC tech-
nologies, we compared them with conventional OFDMA
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I power. From the figures, it can be seen that the objective
g function increases with increasing transmission power. This
A 27 is because a higher transmission power results in a larger Sig-
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Fig.8 Comparison of power distribution algorithms

technologies. We splited the bandwidth and power equally to
each UAV. Figure 11 compares the sum of the transmission
rates of the UAVs at each time slot for OFDMA and NOMA.
It can be seen that NOMA and SIC technologies have better
transmission rates compared to traditional OFDMA.

Figure 12 shows the performance of the algorithm for dif-
ferent maximum flight speeds and total time T. It can be
observed that as the maximum V,,x increases, there is a
slight increase in the objective function. This is because the
UAV takes less time to fly from the previous IoTD to the next
IoTD, resulting in a longer time around the IoTD to obtain
a better channel to transmit data, which in turn improves the
objective function. Also, it is clearly observed that as the total
time increases, the optimization objective also increases. This

6 Conclution

In this paper, we proposed a relay system consisting of an AP
and multiple UAVs. The AP is responsible for sending data
to the UAVs, and the UAVs assist in forwarding data to the
I0TDs and charging them to ensure proper data receiving.
We set the optimization goal of maximizing the minimum
receiving rate among all [oTDs and utilized NOMA and SIC
techniques at the AP side to enhance the receiving rate. The
system model is formulated as a nonlinear mixed-integer pro-
gramming problem which can be further decomposed into
subproblems by using the BCD method. For the nonconvex
constraints in the subproblem, we used convex optimization
methods such as successive convex approximation and relax-
ation variables and transform them into convex constraints
to obtain an approximate optimal solution. Finally, we pro-
posed an overall iterative algorithm. In the simulation results,
we demonstrated the convergence of the algorithm and com-
pared it with other benchmark algorithms. In addition, we
also compared the effects of different parameters on our opti-
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mization objectives, such as the maximum flight speed of
the UAV, the flight altitude and the number of IoTDs, etc. In
future research work, we will further increase the number of
UAVs to cope with huge number of IoTDs and use the rein-
forcement learning to address this large-scale MEC related
problem.
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Fig. 13 Receiving rate VS transmission power and flight altitude
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