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Abstract: With the rapid development of the Internet of Things (IoT) network, research on low-power
and energy-saving devices has attracted extensive attention from both academia and the industry.
Although the backscatter devices (BDs) that utilize the environmental power to activate circuits and
transmit signals are a promising technology to be deployed as IoT nodes, it is challenging to design a
flexible data backhaul scheme for massive BDs. Therefore, in this paper, we consider an unmanned-
aerial-vehicle (UAV)-assisted backscatter communication network, where BDs are served by multiple
full-duplex (FD) UAVs with the non-orthogonal multiple access (NOMA) schemes and modulate their
signals on the downlink signals, which are generated by the UAVs to serve the coexisting regular user
equipments (UEs). To maximize the sum rate of the considered system, we construct an optimization
problem to optimize the reflection coefficient of BDs, the downlink and the backhaul transmission
power, and the trajectory of UAVs jointly. Since the formulated problem is a non-convex optimization
problem and is difficult to solve directly, we decouple the original problem into three sub-problems
and solve them with the successive convex approximation (SCA) method, thereby addressing the
original problem by a block coordinate descent (BCD)-based iterative algorithm. The simulation
results show that, compared with the benchmark schemes, the proposed algorithm can obtain the
highest system sum rate and utilize limited time-frequency resources more efficiently.

Keywords: backscatter device; UAV; NOMA; SCA; BCD

1. Introduction

As a typical scenario of the future wireless communication networks, the internet of
things (IoT) is changing the way of future life with the emergence of new applications, such
as power sensing, smart factories, and smart cities [1-3]. With the rapid development of
the IoT industry, a massive scale of devices should be densely arranged in vast areas to
fulfill the sensing requirements. Under the small size of the external structure, the energy
storage and power supply of sensing devices are limited. To improve the device’s lifetime
and save the cost of extensive device deployment, low-power communication transmission
technologies have a broad vision of application and received widespread attention. As
typical self-sustainable and low-power devices, backscatter devices (BDs) can transmit
information by reflecting the existing environmental signals, which can be regarded as a
promising solution to enable battery-free communications [4,5].

1.1. Overview and Motivation

In Ref. [6], the authors provide an overview of the fundamentals, applications and
challenges of backscatter communications (BackCom). Ref. [7] provided a literature survey
of the BackCom system and focused on the key signal processing techniques applied in
this system. In existing works about BackCom, the authors in Refs. [8-10] developed
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theoretical analysis of the BackCom system to provide an accurate assessment of the system
performance. Ref. [8] performed ergodic rate analysis and derived the upper bound of
the backscatter link. Ref. [9] provided an outage performance analysis of BackComes.
Ref. [10] conducted a coverage probability analysis by considering the interference of
two communication links in the BackCom system. Then, the throughput and the energy
efficiency of the system were both considered to be improved by optimizing the schedule
strategy of BDs. In Refs. [11-13], the scheduling method of BDs was optimized to maximize
the overall throughput of the BackCom system. In Ref. [14], a low-complexity method was
proposed to jointly optimize the transmit power and the reflection coefficients of BDs. The
authors in Ref. [15] considered the fairness between the BDs and optimized the resource
allocation scheme to maximize the max—-min throughput of the hybrid backscattering and
harvest-then-transmit system. In particular, a deep reinforcement learning (DRL)-aided
resource allocation method for both the BDs and UEs was investigated in Ref. [16] to
improve the overall throughput of the system. In Ref. [17], a Gini threshold-based method
was proposed to maximize the energy efficiency through balancing the traffic load of each
BD. In Ref. [18], the authors considered the fairness of BDs and jointly optimized the
transmission power and reflection coefficients to maximize the max—min energy efficiency
of BDs. In addition, some of the literature investigated the code and decoding scheme of
the BackCom system. Ref. [19] proposed an energy-efficient code scheme for the BackCom
to minimize energy consumption. In Ref. [20], multiple readers were assumed to work
cooperatively to collect the signals from BDs, and a joint receiving algorithm was designed
to reduce the interference.

In the BackCom system, to assist the BDs in completing the signal transmission, the
carrier emitters (CEs) and readers must be deployed to generate and receive the signals,
respectively. Since BDs need a forward haul process under a passive method to transmit
signals, the energy of the received signals at the reader side is usually low [7]. Therefore,
in a wide region where BDs are distributed, there is also a vital requirement for dense
deployment of CEs and readers to ensure successful data reception and decoding, which
result in an unfordable burden to low-power IoT systems. To address this issue, integrating
unmanned-aerial-vehicles (UAVs) with BackCom is an attractive technology that can reduce
the cost of implementing the system [21]. With high flexibility and motility, the UAV can
move close to the distributed BDs to efficiently complete energy supply or signal collection,
making them well-suited for deployment as CEs or readers in the BackCom system.

In Ref. [22], the fixed CEs on the ground and a flying reader in UAV are considered to
serve the BDs. In this paper, the trajectory of the UAV, the transmitting power of CE, and
the orthogonal multiple access (OMA) scheduling of BDs are jointly optimized to improve
the energy efficiency of the system. In Ref. [23], UAV acts as a relay to collect the data
from BDs and upload them to the base station. The authors consider the energy constraint
in the UAV and optimize its locations for data collection to maximize energy efficiency.
In Ref. [24], UAV is treated as a flying BD to forward the signal to the base station. The
trajectory of UAV, as well as the time-splitting method between the backscattering and
common transmitting, are jointly optimized to maximize the throughput. In Refs. [25-28],
the UAV was operated as both the CE and the reader. In Ref. [25], the authors consider
the security problem and optimize the scheduling of BDs to maximize the secrecy rate.
In Ref. [26], the UAV trajectory, resource allocation, and reflection coefficient of BDs are
jointly optimized to maximize the ergodic capacity of the UAV-aided BackCom system. In
Ref. [27], the mobility of UAV was explored to implement the over-the-air computation
for the BackCom network, where the UAV flies over the coverage area obtain the sum
channel gain from BDs in several samples and utilize the samples to assist the decoding of
the signals transmitted by BDs. Ref. [28] proposed a deep reinforcement learning-based
algorithm to design the trajectory of UAV to improve energy efficiency.

To further improve the efficiency of data acquisition and accelerate the aggregation
of data from a large number of BDs in a short time, some of the literature investigated the
integration of non-orthogonal multiple access (NOMA) with the BackCom. In Ref. [29],
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the grouping method and the adjusting strategy of each BD was solved to maximize the
sum rate in a NOMA-aided BackCom system. In Ref. [30], the fairness between BDs was
considered, and the scheduling method of BDs with the NOMA scheme was optimized
to maximize the max—min throughput of the system. The authors in Ref. [31] considered
the power constraint of both the BD and transmitter, then proposed a power allocation
scheme to maximize the capacity of this system. In Ref. [32], the authors optimized the
transmitting power and the reflection coefficient for NOMA-aided BackCom by taking
into account the imperfect successive interference cancellation decoder to improve the
sum rate. The work in Ref. [33] investigates the BackCom system under NOMA and full-
duplex (FD) transmission, where the resource allocation scheme for the fixed base station is
optimized to maximize the throughput of the common users and the BDs. In particular,
the studies in Refs. [34-36] focus on merging UAV and NOMA jointly to assist backscatter
communications. According to the operation and internal structure of the devices, we can
classify the backscatter devices into three categories, that is, the monostatic backscatter,
the bistatic backscatter, and the ambient backscatter [6,7]. In contrast to the other two BDs,
the ambient backscatters modulate the signal on the available ambient sources to further
reduce the cost of the BackCom system [37], which are mainly considered in this paper.

The analysis and optimization of the existing work have investigated the scenario
where a single UAV is deployed to assist the BackCom. However, considering the wide
distributed region and the limited energy supply capacity of BDs, a joint operation of
multiple UAVs is essential for ensuring the performance of the BackCom system, which
has not yet been researched as far as we know.

1.2. Paper Contribution

In this paper, we consider multiple full-duplex UAVs cooperate to serve the BDs
with the NOMA scheme, while transmitting the downlink signal to normal users. We
aim to provide an analytical framework for the multi-FD-UAV-assisted NOMA-enhanced
backscatter communication system, and further consider the interference between the
backscattering communication from the BDs and the active communication from the UEs.
The main contributions of this paper are summarized as follows:
¢ We consider a multi-FD-UAV-assisted NOMA-enabled backscatter communication

network, where multiple FD-UAVs are deployed to cooperate to serve the ground
BDs with the NOMA scheme while communicating with the downlink UE. Then, the
UAVs forward back the data of BDs to a nearby BS through the OMA scheme. To
maximize the sum rate of BDs under the considered system, we formulate a sum
rate maximization problem to jointly optimize the reflection coefficient of BDs, the
downlink and the backhaul transmission power, and the trajectory of UAVs with
constraints such as the successive interference cancellation (SIC) decoding constraints
and the backhaul capacity constraint.

*  Due to the non-convexity of the constructed problem, we split the original problem
into three sub-problems, that is, the BD reflection coefficient optimization problem, the
UAV transmission power optimization problem, and the UAV trajectory optimization
problem. Then we apply the successive convex approximation (SCA) method to
solve each sub-problem. Based on the solution of each sub-problem, we propose
a block coordinate descent (BCD)-based iterative algorithm to solve the original
problem. Furthermore, the convergence and complexity of the proposed algorithm
are also proven.

e To verify the effectiveness of the proposed algorithm, we provide extensive numerical
results. The numerical results show that the proposed algorithm outperforms the
two benchmark schemes, and the fast convergence of the proposed algorithm is
also verified.
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1.3. Paper Organization

The rest of the paper is organized as follows. Section 2 presents the system model
of the multi-FD-UAV-assisted NOMA-enabled backscatter communication system and
formulates the optimization problem. Section 3 provides the details about the proposed
optimization algorithm. In Section 4, the numerical simulation results are presented. Then,
Section 5 concludes this paper.

2. System Model

As shown in Figure 1, we consider a multi-FD-UAV-assisted NOMA-enabled backscat-
ter communication network, where U flying rotary-wing UAVs are deployed to serve I
downlink ground UEs at the fixed height. The index sets of UAVs and UEs are represented
as ={1,2,---,U}and Z = {1,2,- -, I}. For convenience, we assume that each UE is
fixed and only served by one UAV, that is, U = I. The BDs are randomly distributed in the
service area of UAVs, and the BD index set is defined as D = {1,2,--- ,D}. Each UAV is
assumed to operate at the full duplex mode as [38,39]. To improve the communication effi-
ciency and fully utilize the resources, as each UAV transmits downlink signals to the UEs,
it simultaneously collects the signals reflected from BDs. Specifically, the BDs modulate
their own signals to the signals sent by the UAVs towards the UEs [33,40]. Then, the UAVs
decode the signals and forward them to the BS.

UAV-BS backhaul link
-—-—= UAV trajectory
@03} ------ » Interference link
— -+ BD-UAV link
UAV-UE signal

Figure 1. Multi-FD-UAV-assisted NOMA-enabled backscatter communication network.

To illustrate the considered network clearly, we adopt the 3D Cartesian coordination
to describe the positions of the UAVs, UEs, BDs, and BS. Let S, (t) = (x,(t), yu(t), huav),
SlUE = (x;,9,0), By = (x4,¥4,0) and W = (x,y, hps) denote the coordinate of the u-th UAV,
the i-th UE, the d-th BD and the BS at the time f for Vu € U, Vi € Z and Vd € D, respectively.
For analytical convenience, we denote T as the total service time of the UAVs, and we
discretize it into Q slots, each with a duration as At = T/Q. Therefore, the trajectory of
the UAVs can be further expressed as S, (7) = (x4(q),yu(q), huav) for Vg € {1,2,---,Q}.
In the considered system, each UAV provides service for one UE and a set of BDs, namely
a cell.

2.1. UAV-BD Link Transmission Model

In this work, the BDs access the UAV by reflecting the transmitted downlink signal
with the power-domain NOMA scheme. For the associations between the BDs and UAVs,
each BD can only associate with one UAV in one slot. Let &, ,,[q] denote the association
indicator of BDs, which illustrates whether the d-th BD accesses the U-th UAV at the g-th
slot. Specifically, the association indicator &, ,,[q] = 1 when the d-th BD accesses the u-th
UAV; otherwise w ,,[q] = 0.
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Without loss of generality, we assume that information is shared between the UAVs
(e.g., the UAV location information and UE data). Therefore, the UAV is able to eliminate
the downlink UE signals sent by another UAV. Furthermore, the associated UAV can decode
the data that the BD modulates on the transmitted signal of other UAVs. As a result, the
received signal at the d-th BD is obtained as

u
= ; 122 (g1 Pulq)sulq) + zalq], (1)

where P, [g] and s, [q] represent the downlink transmission power and the u-th UAV data
symbols at the g-th slot, respectively. zq denotes the additive white Gaussian noise (AWGN)
with zero mean and variance (731 at the BD. In this work, all the channel links are assumed
to be Rayleigh channels dependent on the path loss [41]. Considering the buildings or the
trees would block the line-of-sight (LoS) path, our channel hypothesis combines the LoS
and non-line-of-sight (NLoS) paths, that is, we assume that all channels in the same cell are
the LoS channel similar to Refs. [22,39], while the channels between different cells will be
dominated by NLoS path loss. Therefore, the channel from the u-th UAV to the d-th BD at
the g-th slot h‘;;g [9] in (1) can be expressed as

2
u-b _ c
] = <4ﬂd‘;j§’[q]fcﬂ7> ' @

where f1 and ¢ denote the carrier frequency for the UAV downlink and speed light in
vacuum, respectively. The coefficients # represent the additional attenuation. The distance
from the u-th UAV to the d-th BD dﬁ:}i’ [q] is defined as dy 2lq] = ||Sulg] — Ba||, where the
operation || - || denotes 2 norms.

Based on the received signals, the d-th BD activates the circuit and sends its own data
s4. Then the signal at the u-th UAV is given by

D U
raVg) = d; ;1 &g, 1)/ B 91 Bala)ri® [9)sala) + zuld)
D U
= L L saulalyiglalp W-b ilalsala)
D u
+d21 Y aquwlgl\ /B 1) Balglsalq)z + zulq], 3)
=lu'=1

where B;[q] denotes the reflection coefficient of the d-th BD and z, is the zero mean AWGN
noise with variance ¢ at the UAV. Since the BDs access the UAVs by the NOMA scheme,
the UAVs adopt the SIC method to decode the data of the BDs. In order to obtain a better
decoding result, the decoding order of the SIC is from UEs with better channels to those
with poorer channel conditions. To clarify the decoding order, we define a channel strength
comparison indicator as A;;,[q] to demonstrate the strength relationship between two
UAV-BD channels. Specifically, A;;,[q] = 0 represents that the channel strength of the BD i
is weaker than that of BD j when accessing the UAV u at slot 4. Then the UAV first decodes
the BD j data by considering the signal of BD i as interference. Otherwise, A; ; ,[q] = 1.

Therefore, the signal-to-interference and noise ratio (SINR) of the BD d at the UAV u is
given by

u
g ulalhiyg [9)Balal L 1 1q1P;lg]
'7d,u[’ﬂ =D JZI , W
délw W0 Balg) Adr [0 R 1] jg 12 1alPila) + Zulg] + 03
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where 7,[q] is

Z Z QX [9]Ba 4] Zh] 7 q q) + Z 2 &g [9]Ba 4] ud/[ ]0’]:2, (5)

d'=1m=1, d'=1m=
m;«éu

Generally, to ensure the successful decoding of the SIC method, the SINR of accessing
BDs must be greater than a threshold, which can be denoted as

Ydu [q] > K, (6)

where « is defined as the given SINR threshold.
Then the sum rate at the UAV u can be obtained as

D
Ry [Q] = E iy 10g(1 + Ydu [q]) ()
d=1

Specifically, according to Ref. [42], we can simplify Ry [q] as

=
QU
=,
\3‘
o
g
=
N
=

Xd,u [Q] h‘pﬁl) [q]

D
Rulg) =) log| 1+ —

d=1 dél o u[ ]IBd[ V‘dd’ u[ ]hu-g[lﬂ

=) L=

—

D uoo

Y g ulq)Balglhyla] X 1 lalPilg)
d'=1 j=1
=log| 1+

Zulq) + 72 ®

2.2. UAV-UE Link Transmission Model

For the ground UEs, since each UE is allowed to connect one UAV, we denote 6, ;[q]
as the association indicator to describe the service state between the i-th UE and the u-th
UAV at the g-th slot. The association indicator 6, ;[g] = 1 when the i-th UE is served by
u-th UAV; otherwise, 6, ;[q] = 0. Therefore, the signal received at the i-th UE is given by

Z hEzu P” S” + Z Z “du rd [CI] + Zye,i [q}r )

u= =lu=

where P, [q] and s, [g] represent the downlink transmission power and the data symbols of
the u-th UAV at the g-th slot, respectively, and h}["[q] is denoted as the average channel
gain from the u-th UAV to the i-th UE at the g-th slot, that is,

2
u-u _ ¢
hu,i {EI] (47Td31u[ ]fcl”]) ’ (10)

where dy#[q] = [|Su[q] — S7F| |-

The second term on the right side of (9) is the interference of BD to the UE, and z ;
denotes the additive AWGN at the UE with zero mean and variance oﬁe. Therefore, the
sum rate for the i-th UE is obtained as
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Ri'lq] =
u
) Ou,ilalhyy (9] Pulq]
log|1+—— 5 , (11)
ugl,lg Ou,ir [q) 1 3t () Pulg ]+dZ uE &g ]ﬁdM]hB,“( Z heR g Pulg] + o) + 02
P14 o

where hi M is the average channel gain from the b-th BD to the i-th UE, which can be
expressed as

2
Hbu — ¢ 12
d,l <4ﬂdbufcl77> ( )

where d7% = ||B; — SYE|| is the distance from the d-th BD to the i-th UE.

2.3. UAV-BS Link Transmission Model

After decoding the signal from BDs, the UAVs will send them to the adjacent BS
through the backhaul link. Due to the small number of UAVs, the backhaul link of UAV-BS
is transmitted with the OMA scheme to enhance the backhaul capacity. Let P?[q] denote
the transmission power of the UAV u at the slot g in the backhaul link. The sum rate at the
BS for the UAV u can be obtained as

B u-B
Pilalhilaly (13)

2

R3i[g] = log(1+
Ug

where 03 is a variance of the AWGN noise at the BS and %P is the average channel gain

from the u-th UAV to the BS, that is,

c 2
0 = (g ) o

where f., denotes the carrier frequency for the UAV-BS backhaul link and d%B[g] is the
distance from the U-th UAV to the BS, that is, 4% [g] = |[Sy[q] — W|].

2.4. Problem Formulation

In this work, we aim to maximize the sum rate of the BDs by jointly optimizing the
transmission power of UAVs, the reflection coefficient of BDs, and the trajectory of UAVs
with the NOMA scheme. Let B £ {B4[q],d € D,q € Q}, P = {Py[q],d € D,q € Q},
and PP £ {PP[g],d € D,q € Q} denote the reflection coefficient of BDs, the downlink
transmission power of UAVs and the backhaul transmission power of UAVs, respectively.
Therefore, the sum rate optimization with the considered multi-FD-UAV-assisted NOMA-
enabled backscatter communication network over Q slots is formulated as
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(P1) Srlglgxﬁ qZ:luz Rulgq (15)
st (6), (16)
Q Q
3 RE > Y Rlg) Vi 17
q=1 q=1
Q
Y R¥[q] > RYE, Vi, (18)
0 < Balq] <1,Vd,q, (19)
11Sulg + 1] = Sulgl1* < (VmaxAt)?, (20)
Su[l] =S, [Q},Vu (21)
1Sulq] = Silalll® > dain, Y, j,q,u # (22)
0 < Py[q] < Pmax, Vd,q, (23)
0 < P?[q] < Pmax, V4, q, (24)
OSPd[Q]+Pd[]<PmaX/Vd1q/ (25)

where the constraint (17) is to ensure that the capacity of the backhaul link is greater
than the data transmitted by the BDs to prevent data from accumulating and overflowing
at the UAVs. To satisfy the quality of service (QoS) of the UE, we have the minimum
sum rate constraint for UEs as shown in (18), where RUE denote the minimum sum
rate for each UE over all the slots. The reflection Coeff1c1er1t limitation of BDs is shown
in (19). The inequalities (20) and (21) represent the speed constraint and the trajectory
constraint, where Vinax is the maximum flying velocity. Given the minimum distance
between two UAVs dp,in, the inequality (22) ensures that collisions between UAVs do not
occur. The inequality (23)-(25) are the power limitation of the UAVs, where Pray represents
the maximum transmission power of the UAV.

3. Proposed Algorithm for Sum Rate Maximization

Since the formulated Problem (P1) is intractable to solve due to the non-convexity of
the objective function and the constraints, in this section, we propose a BCD-based iterative
algorithm to jointly optimize the reflection coefficient, transmission power, and trajectory
of the UAV. Specifically, we split Problem (P1) into three independent sub-problems, that is,
the reflection coefficient optimization problem, the transmission power of the UAV problem,
and the trajectory optimization problem. Then, we use the SCA method to convert each
sub-problem into a convex problem and solve it. Furthermore, the complexity and the
convergence of the proposed algorithm are given in this section.

3.1. Reflection Coefficients Optimization

Given the transmission power and the trajectory of the UAYV, the reflection coefficients
optimization problem can be obtained as

(P2) maX 2 Z Rulg (26)
qg=1lu=
s.t.  (6),(17),(18),(19). (27)

However, the formulated Problem (P2) is still non-convex due to the fractional forms
in the logarithm function. Therefore, we will simplify the logarithmic form and adopt the
SCA method to solve the problem.

For the non-convexity of R, [q], based on (8), we first split it into R, [q] = Ru[q] — Ru[q],
where Ry [q] and Ry[g] are denoted as
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B D u u D u
Ry[q]=log| ) Elﬂéd,m[ﬂﬁd[q}hlﬁfg[q} Y +d21 lexdm q)Balali b glo+o, > (28)
=1m= j:1 m
) D u u D U
Ry[q]=log dZ Zl a4,m[91Balqly s [q] Z% Z Z BalalhyRlalog+a3 |, (29)
=1m=1, j= d=1m=1
m#u

which are both concave with respect to (w.r.t.) B4[q]. Therefore, to transform R, [q] to a
convex function, we apply the first-order Taylor expansion (FTE) to R, [q] and we can obtain
its upper bound as

u

o, L el th “lalBla) + L agmlalhitlolod
Rulg) < Y 5 AT (Bela) — B lq))

+ log(Ay[q])
=R."[q], (30)

where B} [q] is the local point at the r-th SCA iteration and AJ,[q] is denoted as

u D U
Z Z (g Balag 1) Yo 15T (a1 Pila) + 3 Y aamla)Bllglhyg lalod + on. (31)
=1m=1, =1 d=1m=1
m;&u

Therefore, the non-convexity of the objective function Ry [g] is addressed. For the
backhaul capacity constraint (17), since R is convex w.r.t. B4[q], we need to transform
R, [q] to a convex function. Therefore, based on (30), we can obtain the lower bound of
R, [q] at the r-th iteration as

R s By U TR R
Rulq) > k; Bra[In2 (Bxlal - Bilal)
+logB{lg)
=R (g, (32)

where B, [q] is denoted as

Bilg _ZZ“M 1Balglhy HZ +Z Z“dm 1B4(4] []O'b+0'2. (33)

d=1m=1 =1 =1m=1

Therefore, the constraint (17) is converted to be convex as
Z RE > Z R®[q] + Ry[q], Vu. (34)

For the constraint of QoS of the UE, following the similar steps of the transformation
of the objective function Ry[q], we can divide R¥[g] into two parts as R¥[q] = R¥[q] — R¥[q],
which can be specifically expressed as
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Ri'lq]
u I D U u
103(2 29 a uz/[‘ﬂpu[’ﬂ“‘z Z“d,m[‘ﬂ Z q1Pulq +(T€)+(7121>, (35)
u=14i=1 d=1m=1 u=1
Ri'[q]
u I b u
=log( Y Y 6urlglhiialPulg +Z Zadu 1Balqlhg( Z [q] + o) +03 ). (36)
u=1i'=1,i"#i u=1
Similarly, according to FTE, R¥[q] is upper-bounded by
4 ] jb-u 4 Wb p 2
D 21 g [q1Brlq] ki ( 21 wk [q]Pulq] + o) uup
RU[g] < r u= m=
Ri'(q] <logCi [q]+k; Tl in2 (Bxla] — Bilal) =R;""la], (37)
where C][q] is given by
2 b- d b 2 2
3 Y iy rlalPala) + Y, X aalalBalalia (L HEGIPala] + 05) + o (38)
u=1¢=1, d=1u=1 m=1

i A

Therefore, the constraint (18) is converted to be convex as

ZR“ — RM™P[g] > RYE, Vi (39)

min’/

As for the SINR constraint (6), we can make it convex by the simple algebraic operation,
which is expressed as

u
1Balalmy3la] - hid (alPyla]

i

[ MD lM:
T

u u D U
21 ol 2 }ldb Z Zlad,m[q]ﬂd[q]hi‘,ﬁ[q]vﬁ+vﬁ)- (40)
o = e

Consequently, with the SCA method, we can recast Problem (P2) at the r-th iteration as

(P2.1) max Z Z Rulq) — R [q] (41)
qg=1lu=
st (34),(34),(39), (40). (42)

Since Problem (P2.1) is convex w.r.t. the reflection coefficient B, it can be solved
directly by the standard convex tools.

3.2. UAV Transmission Power Optimization

With the given reflection coefficients of the BD B and the trajectory of the UAV S, the
optimization problem w.r.t. the transmission power of UAV can be formulated as

(P3.1) max Z Z Rulgq (43)

qg=1lu=
s.t. (6),(17),(18),(23),(24), (25). (44)
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For the above Problem (3.1), we can find the constraints (23), (24), and (25) are jointly
convex w.r.t. P and PB. As for the constraint (6), we can rewrite it as

&amlq Zh >Kd2 &,ula) B [A) A ula i (g thr
'=1
u D u b ) )
Z Z (9] Bar (9]0 (4 Z SRl + Y. Y aamlqlBalglhin qlop + o3), (45)
1m#1 j=1 d'=1m=1
mz*u

which is convex w.r.t. P. As for the rest of the non-convex constraints, since Problem (3.1)
w.r.t. the transmission power of UAV P and PP has the same structure as Problem (P2)
w.r.t. the reflection coefficients B, we can use the same transformation steps to convert
Problem (3.1) into a convex problem.

Therefore, we can first obtain the convex lower bound of R,[q] as R[] = Ry[q] —
R.P[q], where R, [g] is obtained by applying FTE to R, [g] with the given point P}[r] at the
r-th SCA iteration, which can be expressed as

D u
u Ly, L, canlalBile iy ghsala]
RIPlg] = log Eylg + ) (Pylal - Pila), 46)

=1

where E}[q] is given by

d=1m=1,

u
Z Z“dm :Bd ud[]z +Z Z‘de IBd []Jb+a (47)
j=1
m;«éu

For the backhaul capacity constraint (17) and UE QoS constraint (18), by using the
same method as optimizing 5, we can obtain the transformed convex constraint as

D U

210g< a ) SIEs S )

— RY[g] +log F;[q], (48)

u
Q u i_g/#‘)j',i'h}}fMHE? Y1 g Balqlg 5 1a]
quR?[q]—logGi’ [q]—'/Zl — Grglin2 (Py[q]—P}1a)
= j'= 1

> Riio (49)

where F[g] and G/[g] are given by

u I
=) ) OuulalhyilalPilg] + Z Z &glq)Balgly, (Z la1Pi[g) + ) + o3, (50)
u=1¢=1 =1m=1
u I
Glll=Y. Y. Ourlaliyilg +Z Zadu |Balglng Zh [q] + 0%) + o2 (51)
u=1i'=1,i'#i =1m=1

Therefore, the transmission power optimization problem can be reformulated as
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(P3.2) max Z Z Rlb (52)
qg=lu=
s.t. (23),(24), (25), (45), (48), (49). (53)

Since Problem (3.2) is a convex problem w.r.t. P and PB, the standard convex tool can
be applied directly to solve it.

3.3. Trajectory Optimization

Given the reflection coefficients of the BD B and the transmission power of the UAV P
and PB, the sum rate optimization problem w.r.t. the UAV trajectory can be recasted as

(P4.1) max Z Z Ru (54)
qg=1u=
s.t. (6),(17),(18),(20),(21), (22). (55)

Note that due to the non-convexity of the objective function and constraints, Problem (3.1)
is neither concave nor convex; thus, we will adopt the SAC technique to solve it.

According to the channel definition (2) and the split of the sum rate of UAV R, [q], we
can re-express R, [g] and R, [g] w.r.t. the trajectory of UAV S as

. U U o glgde) #Bla) & U aglg)Balalno?

Rulql =1 o + ”—+ AP 56
7 °g(d§,£]§usuq] B|[21S,[4] Bd||2 L L Y5, -2 O (56)

3 2 & & agulglBalel 1P DU . [qlBalgluc?

Rulg) =lo " 3y Sl ), 7)
g g(Em_E#E||suq]—Bd||2||s][ ~B,IP dzz 15,41 BJlP

2

where y = (m) .
According to Ref. [43], R,,[q] and R, [q] are both convex w.r.t. |1S;[q] — Byl| for Vj € U,
d € D. Therefore, we introduce the slack variable w = {w,, 4[q],Vj € U,d € D,q € Q} to

R,[q] as
: DU Uy lg)fala] 12Rile) | 2. U alnc?
Rylq) <lo . SaulglPalalpoy o
! [q] 8 <d¥1 ngﬁéu ]; Wy,d {f]] wj, d ; ; wy d[’ﬂ
=R [q], (58)
with the following constraint as
wyd[q) < ||Sulg] — Byl Vj €U, d € D,g € Q. (59)

Therefore, R,P[4] is a convex function but the constraint (59) is non-convex due to the
convexity of ||S,[q] — By||- As a result, by applying FTE to ||S,[q] — B;|| with the given
point S, [g] at the r-th SCA iteration, the constraint (59) can be transformed into

wyalq) < |/S}[9] — Ball? +2(S},[q] — Ba)" (S}, —Ba),Vj €U, d€D,ge Q,  (60)

which is convex w.r.t. S.
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For the convexity of R,[q], we apply the FTE to obtain the lower bound of R[] as

55 Senlalfid [VPH n >: ~ g la)Belalnod

[1871al—Bx[[* [1Si:[9]—B[* 18w [q]—BxI*

D

~ m=1j=1
Rulg) >log(Hy[q]) + ) = B2 (11Sula] — Byl
k=1 u
. 5 L2 [?mk[ﬂz : ,M[z]p“, [q]H4
—1 |1Sulgl=Bkll* 11S}, ] Bk
~lIsila) = Byl + 3 Y (I1Swla] = Byl
u'=1k=1 u
— |8}, [9] = Bel[*) = Ry [q], (61)

where H/ [q] is denoted as

R [q)Balq] Pi[q] DY wg,[q)Balgluod 2
=L X Nyl BMM]@N?@HM]MWW (62

Therefore, we obtain the lower bound on the sum rate RP[q] = RP[4] — R},P[4], which
is concave w.r.t. S.

For the backhaul capacity constraint (17), we need to convert R, [q] to a convex function.
Therefore, by using the FTE to R, [g], R,[g] can be lower bounded by

nlq)Bila)  —1*Pila) —au (9] Belq) o
mzl ]Zlusrm B TEL- Bl T El 1S4 q=BilP

Rulg] > log(J%[q] +Z“”

g In2 (||su[‘7]_BkH2

% Xk,m [q] Bk [q] 71‘21314’ [q]

r u b L TOUsBIE T, E B
~lShlal = BdP) + 1 Y " (11w [q] — Bl
u'=1k=1 u
— 118} 1a] = Bl ?) = R [q), (63)

where ]! [q] is denoted as

u

D U &g mlq1Balql Xdu V‘T
e = . (64
Lot s mwﬂJBm Zzny o PR

1 1m=1

Juld)

Meanwhile, with the slack variable w, we can obtain the upper bound of R, [g] as

D U o D U 0_2
ﬁu[ﬁﬂ <10g<z Z Z dm[ ]ﬁd[ Z Z wud[q]}y u _|_0121>

d=1m=1j=1 Yud [4]

= R/ [q]. (65)

Therefore, we can convert the backhaul capacity constraint (17) into a convex constraint as

SR Plq]
REP Rlb < 10 qip
L (Rallal = Zg Q] - wipe)
Q G 1“% 2
u 0
1y L (|[s,fg) — WIP ~ |ISila] - W), (66)
=1 (1+ (gi—wipeg) 2

where the right side of the inequality is obtained by applying FTE to RB[g] at the -th iteration.
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Similarly, for the UE QoS constraint (18), by introducing the slack variable
= {m,ilq,VYuelU,i € T,q € Q} and the FTE, we can obtain the convex form of (18) as

min

UE 2 Su,lb
RUYE < ZRZ. il

u- L og, [qlPulg & op, ‘
“logl ), Y T £+ Z Z“du 1Balglhgi (Y — [?]] +og) +og |, Vi (67)
u=1i=1, i q m=1 Yudlq

i'#i
where 71,,;[q] < ||Su[g] — SPE||? and can be converted to be convex by FTE as
uila) < 11851q] = PRI +2(QLlal = STF)T (Sulg) - STF). (68)

ﬁ?’lb [q] is obtained by using FTE to RY[g], which can be expressed as

- 10 (q]P
R[q] =log K; q] +Z Ei=il 15 ) — SV — 115} 10) - S

iz [q]lnz
2oL HS’[q] Bduz — i
+ 1) g (ISl — B - Isjla) B, (@)
k=1j=1
where K7 [q] is given by
= iiul—‘f'zzad ,Bd h (ZPM—M-I-O'Z)—l—O'Z_ (70)
L Tisilal - soe A ! D ISl — Byl 2 Y T

Finally, to address the non-convexity of the SINR constraint of the BD (6), we convert (6)
to a convex function with the slack variable w as

—P][q]y (dz'u-b[lﬂ dZubr[q])

alglm alglm
Z[X u T u s Z [X u 7 u-b,r u u,

]r? ij[Q]V ( dz,u-b[ |- d?';'b'r[q])

*Z“u dZub q]d4uer id

Z 2 "‘dm :Bd][q Z +Z Z D‘dm ﬁd ] +0'u), (71)

—1m=1, wud[q j=1Wjd q Wud[q]
m;«éu

where 4" [q] = [[87lq] — Bl
As a result, with the given point S”, we can reformulate Problem (3.1) as

(P3.2) max 2 Z RP[g] (72)
qg=1lu=

s.t. (20),(21), (60), (66), (67), (68), (71), (73)

divin < —1187[9) — S7[q)l* +2(S][n] — SlaD) " (Silq) — Sjlal), Virj.q, i #j. (74)

where (74) is obtained by applying FTE to ||S;[q] — S;[g]||*>. Since the reformulated
Problem (3.2) is convex w.r.t. the UAV trajectory S, it can be solved efficiently by the
standard convex tools.
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3.4. Proposed Algorithm for Problem (P1)

Based on the solution of each sub-problem, we propose a BCD-based iterative opti-
mization algorithm, which is shown in Algorithm 1. Specifically, the original problem is
decomposed into three sub-problems corresponding to the problems in Sections 3.1- 3.3.
When optimizing each variable, other variables keep unchanged and the obtained optimal
solution are the input of the next optimization problem. The whole iteration does not end
until convergence.

It is clear from Algorithm 1 that the overall complexity of the proposed algorithm mainly
comes from solving the three convex sub-optimization problems. The interior-point method
was adopted to solve the standard convex optimization problem. Therefore, we can obtain the
complexity of solving convex optimization Problem (P2.2), Problem (P3.2) and Problem (P4.2)
as O((DQ)3*?), 0((2UQ)3%) and O((2QU + IUQ + UDQ)3%), respectively [44]. Assuming
that the number of iterations of the algorithm is I,j;, the overall complexity of the proposed
algorithm is O (L ((DQ)3° + (2UQ)>*° + (2QU + IUQ + UDQ)*?)).

Algorithm 1 BCD-based iterative algorithm

1: initialize: Set iteration index r = 0 and randomly set the reflection coefficient P°, PB0
and S with all the constraints satisfied.

2: repeat

3: Obtain the optimal reflection coefficient f* by solving Problem (P2.2) with the given
{P",PB7,8"}. Update g'+1 = B*.

4: Obtain the optimal transmission power of the UAV {P*, P®*} by solving Problem
(P3.2) with the given {81,5"}. Update {P"+1, PB7*1} = {P*, PP+}.

5. Obtain the optimal UAV trajectory S* by solving Problem (P4.2) with the given
{ﬁr+1,P7+l,PB'r+1}. Update Sr+l — S*.

6: r=r+1

7: until the sum rate converges to the required accuracy or the preset number of iterations
has been reached.

4. Simulation Results

In this section, we provide extensive numerical results to verify the efficiency of the
proposed algorithm. We assume all the UEs and BDs are randomly distributed in the
UAV service region. The location of the base station is (0,800,0). Unless otherwise stated,
the remaining system parameters are listed in Table 1 [21-23]. Furthermore, the initial
transmission power of the UAV is evenly allocated for the downlink and the backhaul link.
The BD reflection coefficient is set to 1.

In order to intuitively demonstrate the effect of the proposed algorithm, we display
the optimized trajectory of the UAV in Figure 2. In Figure 2, the black squares and red
squares represent the positions of BD and UE, respectively, and the trajectory of the UAV is
plotted by the solid lines with different markers. The direction of the arrow represents the
movement direction of the UAVSs. It can be noted that in order to maximize the sum rate of
the BDs, the UAV will traverse all the locations of the BD. Meanwhile, to keep the QoS of
the UE, it will also approach the UE during the flight.

Figure 3 plots the optimized downlink transmission power of the UAV w.r.t. different
slots. It can be noted that the downlink transmission power of UAV-1 is higher than that of
UAV-2. This is because UAV-1 is closer to the BS, so it needs less backhaul transmission
power to forward the data of BDs. Furthermore, as shown in Figure 3, the transmission
power variation of the two UAVs is the opposite of satisfying the SINR constraint of the
BD and the QoS constraint of the UE. When a UAV is close to the served BD, and another
UAV is far away from the served BD, the farther away UAV will increase the transmission
power to obtain a higher rate, while the closer UAV will decrease the transmission power
to reduce interference to another BD and UE, thereby enhancing the sum rate with the
constraint of the BD and UE satisfied.
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Table 1. Simulation parameters.

Parameter Value
Number of UAVs U 2
Number of UEs I 7
Number of BDs D 6
Number of slots Q 40
UAV’s maximum speed Vimax 50m/s
UAV’s maximum transmission power Pmax 2 W
Noise power of UAV 02 and the BD o —144 dBm
Noise power of UE ¢Z and the BS ¢3 —144 dBm
Duration of each slot At 1s
Carrier frequency for downlink f 4 GHz
Carrier frequency for backhaul link f., 1GHz
Height of UAV hyav 100
Attenuation coefficient of LoS 7q 1dB
Attenuation coefficient of NLoS #n 20dB
SINR threshold « 0dB
Minimum distance dpjn 5m
250 ‘ ‘
H BD
200 - m UE 1
—¥—UAV 1
150 —+—UAV 2|

100 1

E sof \ 1
>

of <
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Figure 2. Optimized UAV trajectory.
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Figure 3. Optimized UAV downlink transmission power.
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To illustrate the superiority of the proposed algorithm, we consider two benchmark
schemes: (1) OMA scheme, that is, the UAV can access only one BD at each slot with
the proposed algorithm; (2) fixed location, that is, the UAV stays hovering. Figure 4
demonstrates the sum rate w.r.t. the number of slots. As shown in Figure 4, more service
time increases the system’s sum rate. Furthermore, the performance of the proposed
algorithm is better than that of the two fixed trajectory baseline algorithms, which shows
the effectiveness of the proposed algorithm. Meanwhile, although the OMA scheme is
also optimized with the same algorithm, its performance is still worse than that of the
NOMA scheme, which shows the superioritv of the NOMA scheme in the sum rate.

1800 I I I I I T T T T
—O— Proposed algorithm
1600 | OMA scheme
Fixed loaction |

400 L 1 1 1 1 1 1 1 1 1
30 35 40 45 50 55 60 65 70 75 80

Number of slot

Figure 4. The sum rate w.r.t. the number of slots.

Figure 5 shows the sum rate w.r.t. the number of BDs. In the simulation, we keep the
total service slots Q and the initial trajectory of the UAV unchanged. With the increase
in the number of BDs, the sum rate performance of the four schemes will be improved.
However, too much BD makes the improvement of the sum rate inefficient. This is because
the increase in space density of BD reduces the freedom of UAV trajectory optimization.
Meanwhile, the superiority of the proposed optimization algorithm and the NOMA
scheme are also intuitively shown in Figure 5.

We demonstrate the impact of the height of the UAV on the system sum rate in
Figure 6. It can be noted that the sum rate of all three schemes decreases as the height of
the UAV increases. This is due to the fact that the altitude of the UAV affects the quality of
the channel; that is, as the UAV increases its flight altitude, the distance from the UAV to
the BD, the user, and the BS also increases, resulting in greater path loss. Therefore, the
increase in the UAV height reduces the sum rate of the system. In addition, we can see
that the proposed algorithm still outperforms the other two schemes, which verifies the
effectiveness of the proposed algorithm again.

Finally, we demonstrate the convergence of the proposed algorithm in Figure 7. It can
be observed that the proposed algorithm can reach the optimal state within three iterations
under different slots, which verifies the faster convergence of Algorithm 1.
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Figure 5. The sum rate w.r.t. the number of BDs.
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Figure 6. The sum rate w.r.s. the height of UAVs.
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5. Conclusions

In this work, we investigated a multi-FD-UAV-assisted, NOMA-enabled backscatter
communication network, where multiple FD UAVs were deployed to serve the downlink
UEs and also collect the data reflected by the BDs with the NOMA scheme, and a BS
provided the backhaul link of the UAV. Then, we formulated an optimization problem to
maximize the sum rate of the BDs by jointly optimizing the reflection coefficient of BDs,
the downlink and the backhaul transmission power, and the trajectory of UAVs. To solve
this non-convex problem, we decomposed it into three independent sub-problems and
adopted the SCA method to solve them. Based on the transformed sub-problems, we
proposed a BCD-based iterative algorithm to tackle the original problem. The simulation
results validate the superiority and the fast convergence of the proposed algorithm and the
efficiency of the developed NOMA system with limited time-frequency resources.
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The following abbreviations are used in this manuscript:
BackCom  Backscatter communication

CE Carrier emitter

BD Backscatter device

UAV unmanned-aerial-vehicle

OMA Orthogonal multiple access

NOMA Non-orthogonal multiple access

BCD Block coordinate descent

SCA Successive convex approximation
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