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In this paper, we consider a novel Internet of Things (IoT) system in smart city called unmanned aerial vehicle- (UAV-) assisted
cognitive backscatter network, where a UAV is employed as both a relay and a radio frequency source to help the data
transmission between ground IoT backscatter devices (BDs) and a remote data center (DC). However, since the IoT applications
are usually not assigned dedicated spectrum resource in smart cities, these data transmissions from BDs to the DC should share
the licensed spectrum of cellular users (CUs). Therefore, we aim to maximize the minimum uplink throughput among all BDs
while avoiding severe interference to CUs via joint spectrum management and UAV trajectory design. To solve the problem, we
propose an iterative method utilizing block coordinated decent to partition the variables into two blocks. For the spectrum
management problem, we first prove its convexity with the transmit power and time scheduling and then propose a two-step
method to solve the two variables sequentially. For the UAV trajectory design problem, we resort to the fractional programming
method to handle it. Simulation results demonstrate that the proposed algorithm can significantly increase the average max-min
rate of the BDs while guaranteeing the acceptable interference to CUs with a fast convergence speed.

1. Introduction

The Internet of Things (IoT) is one of the most important
application scenarios for the fifth-generation (5G) wireless
communications. It enables different smart devices to con-
nect with each other via wireless networks, thus has a great
potential to remould vertical industries such as manufactur-
ing, agriculture, urban-construction, and transportation [1,
2]. Since the IoT allows massive devices to access wireless
networks, however, it also faces various practical challenges
in its deployment [3]. For one thing, the IoT devices are usu-
ally too small to equip with high-capacity batteries. For
another, massive deployed IoT devices may also exacerbate
spectrum scarcity problems [4]. As a result, future wide-
spread IoT applications highly require energy- and

spectrum-efficient wireless communications techniques [5,
6].

In recent years, ambient backscatter communications
(AmBC) has emerged as a cutting-edge technique in IoT net-
works [7–9]. With it, IoT devices are able to transmit by
intentionally changing their own antenna impedances to
reflect surrounding ambient radio frequency (RF) signals,
e.g., TV or WiFi signals, instead of self-generated RF signals.
Therefore, it neither requires any power-hungry circuit com-
ponents such as the oscillators and analog-to-digital con-
verters, nor additional spectrum resource for data
transmission in AmBC [10]. As a result, AmBC has been
considered as a promising candidate to support future IoT
applications with stringent spectrum and energy constraints
[11]. Due to the double fading effect with backscatter links
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and direct interference from ambient RF signals, however,
AmBC is usually reliable at distances of tens of meters. More-
over, the transmission length becomes much shorter if the
backscatter devices (BDs) are buried under other objects.
Therefore, increasing the coverage range as well as improving
the link quality is the critical issues for the application of
AmBC in large-scale IoT scenarios, e.g., smart agriculture
or smart city [12, 13].

Mounted with miniaturized communication trans-
ceivers, unmanned aerial vehicles (UAVs) can work as mobile
relays to provide reliable wireless connectivity between dis-
tant ground devices. Compared with traditional terrestrial
relays, UAV relays are in general more flexible and cost-
effective to deploy and likely to have better communication
links due to the high chance of line-of-sight (LoS) links [14,
15]. Therefore, exploiting the agility of UAVs to build dual-
hop LoS communication links is an efficient way to enhance
the coverage of AmBC.

There has been some preliminary work regarding UAV-
assisted relaying communications. In [16], an energy-
efficient cooperative relaying scheme has been proposed for a
UAV-assisted relaying network, while in [17], joint power
allocation and trajectory design have been investigated tomax-
imize the end-to-end throughput of UAV-assisted relaying
transmission. Note that both studies focus on UAV communi-
cations in traditional cellular systems. In backscatter-enabled
systems, the UAV needs to work as a RF source for the BDs
in addition to being a relay. Therefore, novel trajectory design
and resource scheduling schemes are required to deal with the
coexistence of cellular and backscatter communications.
Although the hardware prototype of UAV-assisted backscatter
communications has been realized in [18], it still lacks theoret-
ical analysis and optimization for the whole system.

In this paper, we consider a UAV-assisted cognitive back-
scatter network, where a UAV is not only employed as a relay
to provide wireless connectivity between a remote data center
(DC) and BDs but also works as the RF source for these BDs.
However, since the IoT applications are usually not assigned
dedicated spectrum resource in smart cities, the data trans-
mission from BDs to the DC should share the spectrum
licensed to cellular users (CUs). Therefore, we aim to maxi-
mize the minimum uplink rate among all BDs while avoiding
severe interference to adjacent CUs via joint trajectory design
and spectrum management. To achieve this objective, we
propose an iterative method utilizing block coordinated
decent (BCD) [19] to partition the variables into the time
scheduling and power control variable and the trajectory
design variable. For the former one, a two-step method is
proposed to solve the transmit power and time scheduling
sequentially, while for the latter one, we resort to the frac-
tional programming (FP) method [20]. Both the convergence
and complexity of the proposed algorithm are demonstrated
by simulation results.

The rest of the paper is organized as follows. In Section 2,
we describe the system model and formulate the optimiza-
tion problem. To solve the problem, we develop a BCD and
FP based iterative method in Section 3. Then, we present sim-
ulation results in Section 4. Finally, conclusions are drawn in
Section 5.

2. System Model and Problem Formulation

2.1. System Model. We consider a UAV-assisted cognitive
backscatter network as shown in Figure 1, where M BDs
are fixed within an area without terrestrial networks and a
UAV is employed as a relay for the data transmission from
the BDs to a remote DC. The BDs are able to access the
UAV via reflecting the relaying signals transmitted from it
in a cyclical time-division multiple access (TDMA). The
UAV works in full-duplex (FD) mode and can adjust its tra-
jectory to improve the connectivity quality. Since the IoT
applications are usually not assigned dedicated spectrum
resource, the data transmission from the BDs to the DC can-
not severely interfere the data reception at the adjacent CU.
For analysis simplicity, we assume that the whole period is
equally divided into K time slots, where K is sufficiently large
so that the UAV is approximately stationary within each time
slot. In addition, the location information of the UAV, BDs,
and the CU is assumed to be available at the DC. The frame
structure is shown in Figure 2. Specially, βm,k is denoted as
the portion of time assigned to BD m in time slot k.

In this paper, we adopt 3D Cartesian coordinate as in
[21]. Specially, the DC is set as the origin. The horizontal
coordinates of BD m and the CU are fixed as lm = ½xm, ym�T
and l0 = ½x0, y0�T, respectively, and the corresponding alti-
tudes are denoted as Hm and H0, respectively. The UAV flies
at a fixed altitudeH, and its horizontal coordinate at time slot
k is denoted as qk = ½xu½k�, yu½k��T. The cellular links from the
UAV to the DC, and the CU and the dyadic backscatter link
between BD m and the UAV all follow the free-space path
loss model. Then, the corresponding channel power gain is
given by

g k½ � = γ2
H2 + qkk k2 ,

g0 k½ � =
γ2

H −H0ð Þ2 + qk − l0k k2
,

hm k½ � = γ1

H −Hmð Þ2 + qk − lmk k2� �2 , ð1Þ

respectively, where γ2 and γ1 are the corresponding channel
powers at distance of 1m. Additionally, the channel power
gain of the self-interference (SI) channel is denoted as ζ,
whose value is determined by the adopted SI cancellation
scheme.

Let sm½k ; n� denote the signal transmitted from BD m
during the n-th symbol period in time slot k. Assume the
decoded-and-forward (DF) mode is adopted by the UAV.
Then, the corresponding relay signal transmitted by the
UAV is sm½k ; n − τ�, where τ is the processing delay. As men-
tioned before, since the BDs do not have any active circuit to
generate RF signals, they need to reflect the received relay sig-
nals for data transmission (for the initial τ symbol reception,
the UAV can transmit any RF waveforms to the BDs). As a
result, the received signals at the UAV and DC can be
expressed as
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y 1ð Þ
m k ; nð Þ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hm k½ �Pkα

p
sm k ; n − τð Þsm k ; nð Þ

+
ffiffiffiffiffiffiffi
ζPk

p
sm k ; n − τð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

SI

+ z1 k ; nð Þ,

y 2ð Þ
m k ; nð Þ =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g k½ �Pk

p
sm k ; n − τð Þ + z2 k ; nð Þ, ð2Þ

respectively, where Pk denotes the transmit power of the
UAV at slot k, 0 ≤ α ≤ 1 is the reflection coefficient (RC) at
the BDs, and z1ðk ; nÞ and z2ðk ; nÞ denote the additive
Gaussian noise. It should be noted integrated circuits in
BDs do not include any active radio frequency components
such as oscillators, analog-to-digital converters, and power
amplifiers. Therefore, the noise at the BDs is very low and
usually assumed to be neglected as in [11].

The desired signals at the UAV and DC are smðk ; nÞ and
smðk ; n − τÞ, respectively. Meanwhile, τ is large enough so
that smðk ; nÞ and smðk ; n − τÞ are independent. Thus, the sig-
nal-to-interference-plus-noise ratio (SINR) of the first and
second hop is given by

SINR 1ð Þ
m,k =

hm k½ �αPk

δ2 + ζPk

, ð3Þ

SINR 2ð Þ
m,k =

g k½ �Pk

δ2
, ð4Þ

respectively. It should be noted that the interference from the
BD to the DC is ignored in (4), due to the long distance in
between. Then, the transmit rate from BD m to the DC in
time slot k is

Rm,k =min R 1ð Þ
m,k, R

2ð Þ
m,k

� �
, ð5Þ

where Rð1Þ
m,k = log ð1 + SINRð1Þ

m,kÞ and Rð2Þ
m,k = log ð1 + SINRð2Þ

m,kÞ.
2.2. Problem Formulation. We aim to maximize the mini-
mum average rate among all BDs while avoiding severe inter-
ference to the CU via joint time scheduling, transmit power
control, and UAV trajectory design over all time slots. Define
B = fβm,k,∀m, kg, Q = fqk,∀kg, and P = fPk,∀kg. Then, the
optimization problem can be mathematically formulated as

max
B,Q,Pf g

G B,Qð ÞΔ =min
m

1
K
〠
K

k=1
βm,kRm,k, ð6Þ

s:t: 〠
M

m=1
βm,k ≤ 1,∀k ∈ 1,⋯, Kf g, ð7aÞ

qk+1 − qkk k ≤ vmaxT
K

,∀k ∈ 0,⋯, K − 1f g, ð7bÞ

q0 = qK , ð7cÞ
g0 k½ �Pk ≤ λ,∀k ∈ 1,⋯, Kf g, ð7dÞ
Pk ≤ Pmax,∀k ∈ 1,⋯, Kf g, ð7eÞ

where vmax is the maximum speed of the UAV, q0 is the initial
location of the UAV, λ is the interference threshold at the
CU, and Pmax is the maximum transmit power of the UAV.
Constraint (7a) is originated from the fact that the overall
length of assigned time should not exceed the total time slot
length. Constraint (7b) is the flight speed constraint, and
constraint (7c) implies that the UAV will return to the initial
point at the end of the whole time period. Constraints (7d)
and (7e) define the feasible transmit power of the UAV at
any time slot. It should be noted that the interference from
BDs to the CU is ignored in (7d), because the power of back-
scatter signals are much smaller than the original incident
signal in general.

The above problem is challenging to solve directly,
because the objective function in (6) is nonconvex with
respect to B, Q, and P. In addition, B, Q, and P are coupled
in the constraints. Therefore, instead of solving it directly,
we use the BCD method to deal with it in the following
section.

3. Proposed Algorithm

To solve problem (4), we propose the following iterative algo-
rithm, which applies the BCD to partitioning the variables

g
g
0

h
m

𝜁

DC

BD

UAV

CU

Figure 1: System model for a UAV-assisted backscatter network.
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Figure 2: Frame structure for a UAV-assisted backscatter network.

3Wireless Communications and Mobile Computing



into two blocks, i.e., the time scheduling and power control variable fB, Pg and the UAV trajectory variable Q

Specially, the algorithm starts by finding an initial
UAV trajectory Qð0Þ. At each iteration n, it first derives
fBðnÞ, PðnÞg for given Qðn−1Þ from the last iteration and
then finds QðnÞ for the fixed fBðnÞ, PðnÞg. The process is
repeated until no further improvement is obtained. In
the following, we first present the solution for fB, Pg
and Q, respectively. Then, we propose a novel method to
find the initial trajectory of the UAV. Finally, we give
the whole procedure of the proposed algorithm and prove
its convergence.

3.1. Optimal Time Scheduling and Power Control. Given the
UAV trajectory Qðn−1Þ, the optimal time scheduling and
power control can be obtained by solving the following prob-
lem:

max
B,P,ηf g

η, ð9Þ

s:t:
1
K
〠
K

k=1
βm,kRm,k ≥ η,∀m, ð10aÞ

〠
M

m=1
βm,k ≤ 1,∀m, ð10bÞ

g0 k½ �Pk ≤ λ,∀k ∈ 1,⋯, Kf g, ð10cÞ

Pk ≤ Pmax,∀k ∈ 1,⋯, Kf g, ð10dÞ
where η is the auxiliary variable. This problem is convex
with B and P, and a two-step method is propose to deal
with the transmit power control and time scheduling
sequentially.

Since the value of g0½k� is known whenQðn−1Þ is given, the
optimal transmit power to the above problem is

Pk =max Pmax,
λ

g0 k½ �
� 	

: ð11Þ

Then, with Pk given in (11), Rm,k is known, and problem
(9) becomes a standard linear programming problem in B.
Therefore, we can adopt the interior-point method to deal
the time scheduling in polynomial time [22].

3.2. UAV Trajectory Design. For the given transmit power
and time scheduling fBðnÞ, PðnÞg, problem (4) is simplified
as the UAV trajectory design problem as follows

max
Q,ηf g

η, ð12Þ

s:t:
1
K
〠
K

k=1
βm,k

�Rm,k ≥ η,∀m, ð13aÞ

�Rm,k ≤ R 1ð Þ
m,k,∀m, ð13bÞ

�Rm,k ≤ R 2ð Þ
m,k,∀m, ð13cÞ

qk+1 − qkk k ≤ vmaxT
K

,∀k ∈ 0,⋯, K − 1f g, ð13dÞ

q0 = qK , ð13eÞ
g0 k½ �Pk ≤ λ,∀k ∈ 1,⋯, Kf g, ð13fÞ

where both η and �Rm,k are the auxiliary variables.

It is obvious that both Rð1Þ
m,k and R

ð2Þ
m,k are nonconcave with

respect to Q. To solve the problem, we first need to reshape

Rð1Þ
m,k and Rð2Þ

m,k into more trackable forms.

Set Cð1Þ
m,kðqkÞ = ðτP + δ2Þ½ðH −HmÞ2 + kqk − lmk2�

2
, Cð2Þ

m,kð
qkÞ = δ2ðH2 + kqkk2Þ, A1 = γ1αP, and A2 = γ2P. Then, we
have

R 1ð Þ
m,k = log 1 +

A1

C 1ð Þ
m,k qkð Þ

 !
, ð14Þ

R 2ð Þ
m,k = log 1 +

A2

C 2ð Þ
m,k qkð Þ

 !
: ð15Þ

Apparently, both A1 and A2 are constant, while C
ð1Þ
m,k and

Cð2Þ
m,k are convex with respect to qk. Therefore, the above prob-

lem is a concave-convex FP problem, which can be efficiently
solved by the FP method proposed in [20].

The main idea of the proposed FPmethod is to transform
problem (12) into a sequence of convex optimization prob-

lems by reshaping the fractional terms within Rð1Þ
m,k and Rð2Þ

m,k

into quadratic structures. Denote �QðlÞ = f�qðlÞ,∀kg as the fixed

Q 0ð Þ|{z}
Initialization

→⋯→ B n−1ð Þ, P n−1ð Þ
n o

→Q n−1ð Þ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
n−1ð Þ−th iteration

→ B nð Þ, P nð Þ
n o

→Q nð Þ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
n−th iteration

→⋯→ B∗, P∗f g→Q∗

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
optimal solution

: ð8Þ
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point at the l-th iteration in the FP method. Then, problem
(12) can be solved by the following sequence programming

�Q l+1ð Þ, η∗, �R∗
m,k

n o
= argmax

Q,η, �Rm,k


 �η, ð16Þ

s:t:
1
K
〠
K

k=1
βm,k

�Rm,k ≥ η,∀m, ð17aÞ

�Rm,k ≤ R̂
1ð Þ
m,k,∀m, ð17bÞ

�Rm,k ≤ R̂
2ð Þ
m,k,∀m, ð17cÞ

qk+1 − qkk k ≤ vmaxT
K

,∀k ∈ 0,⋯, K − 1f g, ð17dÞ

q0 = qK , ð17eÞ

where R̂
ð1Þ
m,k and R̂

ð2Þ
m,k are given by

R̂
1ð Þ
m,k = log 1 + 2y lð Þ

m,k
ffiffiffiffiffi
A1

p
− y lð Þ

m,k

� �2
C 1ð Þ
m,k qkð Þ

� 
, ð18Þ

R̂
2ð Þ
m,k = log 1 + 2z lð Þ

m,k
ffiffiffiffiffi
A2

p
− z lð Þ

m,k

� �2
C 2ð Þ
m,k qkð Þ

� 
, ð19Þ

respectively, yðlÞm,k =
ffiffiffiffiffi
A1

p
/Cð1Þ

m,kð�qðlÞk Þ, and zðlÞm,k =
ffiffiffiffiffi
A2

p
/Cð2Þ

m,kð�qðlÞk Þ
.

In general, the FP method can start with any feasible Q.
The BCD is adopted as an outer loop for the FP method in

this paper; however, we set �Qð0Þ =Qðn−1Þ to guarantee the
convergence of the proposed algorithm. It is apparent that
problem (16) is a standard convex optimization problem at
each iteration l. Thus, we adopt CVX to solve it.

The whole procedure of the proposed FP method is sum-
marized as Algorithm 1, and its effectiveness is shown in the
following theorem, which is proved in Appendix A.

Theorem 1. With sequential programming given in (16),

Algorithm 1 generates a sequence �QðlÞ rendering a increasing
value of η, which finally converges to a local optimum η∗.

3.3. Trajectory Initialization Method. In this subsection, we
use the simple circular trajectory to initialize the UAV trajec-
tory Qð0Þ. That is, the initial trajectory of the UAV is set to be
a circular with a constant speed of v, where 0 ≤ v ≤ vmax.

Define wm as the optimal relay location for BD m. Then,
wm can be obtained from the following theorem, which is
proved in Appendix B.

Theorem 2. Define D = klmk. Then, wm is given by

wm =

lm, if F Dð Þ ≥ 0,

0, 0½ �T , if F Dð Þ ≤ 0,

μlm, otherwise,

8>><
>>: ð20Þ

where

F xð Þ = γ2 τPmax + δ2
� �

H −Hmð Þ2 + D − xð Þ2� �2
− γ1αδ

2 H2 + x2
� �

,
ð21Þ

and μ = F−1ð0Þ/D. F−1ðxÞ is the inverse function of FðxÞ.

Intuitively, the UAV’s trajectory should cover as many
wm as possible. Therefore, the center of the circular trajectory
is the geometric center of allwm, i.e., c =∑M

m=1 wm/M, and the
radius of the circular trajectory should satisfy

r =min max
m

wm − ck k, vmaxT
2π

� 
, ð22Þ

where the first term is the minimum radius to cover all wm,
and the second term is the maximum radius due to the
UAV speed constraint. Based on c and r, the initial trajectory
of the UAV is given by

q 0ð Þ
k = c + r cos θkð Þ, r sin θkð Þ½ �T ,∀k, ð23Þ

where θk = ð2πðk − 1ÞÞ/ðK − 1Þ.
3.4. Overall Algorithm and Convergence. We summarize the
proposed iterative algorithm as Algorithm 2, which handles
joint time scheduling, transmit power control, and UAV tra-
jectory design based on the BCD and FP methods. Specially,
the algorithm starts by designing the initial UAV trajectory
Qð0Þ as in Section 3.3. Given a fixed Qðn−1Þ in the ðn − 1Þ-th
iteration, PðnÞ is obtained from (11), and BðnÞ is determined
by using the interior-point method given in Section 3.1.
Then, for a fixed fBðnÞ, PðnÞg, QðnÞ is obtained by applying
the FP method in Algorithm 1. The process repeats until
the convergence condition is satisfied. The convergence of
the algorithm is analyzed in the following theorem, which
is proved in Appendix C.

Theorem 3. For problem (6), the proposed iterative algorithm
in Algorithm 2 generates a sequence of fBðnÞ, PðnÞ,QðnÞg ren-
dering GðBðnÞ, PðnÞ,QðnÞÞ ≥GðBðn−1Þ, Pðn−1Þ,Qðn−1ÞÞ, which
finally converges to a local optimal solution fB∗, P∗,Q∗g.

Although the convergence speed of the FP and BCD
methods cannot be analyzed theoretically [20, 23], both
methods converge typically in a few iterations for a moderate
number of BDs as will be numerically shown in Section 4.
Meanwhile, the trajectory design problem in each iteration
of the FP algorithm and the time scheduling and transmit
power control problem in each iteration of the BCD method
are all convex optimization problems, which can be solved in
polynomial time. Therefore, the time complexity of the pro-
posed iterative method is polynomial, and it can be practi-
cally implemented with fast convergence for a UAV-
assisted cognitive AmBC system with a moderate number
of BDs.
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4. Simulation Results

In this section, we provide simulation results to verify the
effectiveness of the proposed algorithm in Algorithm 2. We
consider a UAV-assisted cognitive backscatter network as

shown in Figure 3, where the DC is located in the cell center,
and 5 BDs are randomly distributed within the area with the
radius of 200m. The UAV flies at a fixed height of 10m, and
its maximum flight speed is 20m/s. In the simulation, we set
the transmit power of the UAV and the power spectrum den-
sity of the noise to be 30dBm and −139 dBm/Hz, respec-
tively. In addition, other parameters are set as γ1 = 0:001,
γ2 = 0:01, τ = −110dB, and α = 0:5.

Figure 3 illustrates the UAV trajectory of the proposed
algorithm for different time periods T . From the figure, we
can observe that the UAV adaptably enlarge and adjust its
trajectory to approach the optimal relay locations of BDs
when T changes. Specially, when T is sufficiently large, i.e.,
T = 400 s, the UAV is able to visit all these optimal locations
one by one. In this case, the trajectory of the UAV becomes a
close loop with segments connecting all these points, and the
UAV tends to spend more time near these points (flies much
slower) to obtain better communication links.

Figure 4 illustrates the performance of the proposed algo-
rithm for different time periods T . For comparison, we also
investigate the circular trajectory (CT) and static location
(SL) algorithms [21] in the simulation. Specially, the CT algo-
rithm utilizes the initial circular trajectory, while the SL one
requires that the UAV hovers statically over the geometric
center of the optimal relay locations. It should be noted that
both algorithms adopt the linear programming algorithm
proposed in Section 3.1 to solve the time scheduling problem.
From the figure, the average max-min rate of the SL method
is independent with T since the links of the first and second

1 Initialize:
2 Set n = 0, tolerance σ > 0;
3 Set Qð0Þ according to Section III-C;
4 Repeat:
5 Set n = n + 1;
6 For fixed Qðn−1Þ, PðnÞ is obtained from (11), and BðnÞ is obtained by the interior-point method;
7 For fixed fBðnÞ, PðnÞg, QðnÞ is found by the FP method in Algorithm 1;
8 Until:jGðBðnÞ, PðnÞ, QðnÞÞ −GðBðn−1Þ, Pðn−1Þ, Qðn−1ÞÞj ≤ σ;
9 Set fB∗, P∗, Q∗g = fBðnÞ, PðnÞ, QðnÞg;
10 Return:fB∗, P∗, Q∗g.

Algorithm 2: The iterative algorithm to problem (6). The procedure of proposed iterative algorithm.
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Figure 3: The UAV trajectory of the proposed algorithm for
different time periods.

1 Initialize:

2 l = 0, �Qð0Þ =Qðn−1Þ, tolerance σ > 0;
3 Repeat:

4 Update yðlÞm,k =
ffiffiffiffiffiffi
A1

p
/Cð1Þ

m,kð�qðlÞk Þ and zðlÞm,k =
ffiffiffiffiffiffi
A2

p
/Cð2Þ

m,kð�qðlÞk Þ;
5 Reshape R̂

ð1Þ
m,k and R̂

ð2Þ
m,k by (18) and (19), respectively;

6 Solve the reformulated convex problem in (16) by CVX;
7 l = l + 1;
8 Until:k�QðlÞ − �Qðl−1Þk ≤ σ;

9 Set QðnÞ = �QðlÞ.

Algorithm 1: FP algorithm. FP method for UAV trajectory design.
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hops are all time invariant for a static UAV. In comparison,
the average max-min rate of the proposed algorithm
increases with T and becomes saturated when T is sufficient
large. This is expected because the UAV is able to adjust its
trajectory and flight speed to spend more time near the loca-
tions rendering better communication channels. Thus, the
average max-min rate increases with T . For the CT method,
however, the UAV cannot change its flight speed. Thus,
when T exceeds a certain amount, i.e., T = 150 s, increasing
T may increase the time spent on those undesirable area.
As a result, the average max-min rate of the CT algorithm
slightly decreases when T is larger than 150 s.

Figure 5 illustrates the complexity of the proposed algo-
rithm for different T . It can be easily observe from the figure

that the proposed algorithm at most takes 25 iterations to
converge, which demonstrates the effectiveness of the pro-
posed algorithm. Meanwhile, it cannot find any law for the
iteration times of the FP algorithm for different T . This also
consistent with the fact that the complexity of the FP is diffi-
cult to derive theoretically [20].

5. Conclusions

In this paper, we have studied joint trajectory design and
spectrum management for a UAV-assisted cognitive back-
scatter network to optimize the average max-min uplink rate
of BDs. To achieve this objective, we have proposed an itera-
tive method utilizing BCD to partition the variables into two
blocks. For the time scheduling and power control problem,
the interior-point method has been proposed to solve it,
while for the trajectory design one, the FP method has been
adopted. Both the convergence and complexity of the pro-
posed algorithm have been demonstrated by simulation
results.

Appendix

A. Proof for Theorem 1

Since the logarithm function is concave and nondecreasing

and Cð1Þ
m,kðqkÞ and Cð2Þ

m,kðqkÞ are convex, the sequence updates
in (14) and (15) make R̂

ð1Þ
m,k and R̂

ð2Þ
m,k a nondecreasing manner

according to Theorem 3 in [20]. Meanwhile, the optimal η∗ is
obtained, when the equalities in constraints (17a)–(17c) are
achieved. As a result, η increases with the iteration number
l. Since the feasible region defined by constraints (17d) and
(17e) is finite, η must converge to a local optimal value of
η∗, which completes the proof.

B. Proof for Theorem 2

Since the channel model only considers the distance-based
path-loss, the optimal relay location must be on the straight
line between the DC and BD m. Denote x ∈ ½0,D� as the dis-
tance between the DC and the UAV. Obviously, Rð1Þ

m,k is

increasing in x, while Rð2Þ
m,k is decreasing. Therefore, if FðDÞ

≥ 0, it means Rð2Þ
m,k ≥ Rð1Þ

m,k even when x =D. In this case, wm

= lm. Similarly, if Fð0Þ ≤ 0, Rð2Þ
m,k ≤ Rð1Þ

m,k even when x = 0.
Then, wm = ½0, 0�T . If Fð0Þ > 0 and FðDÞ < 0, there exists a

unique x ∈ ½0,D� making Rð2Þ
m,k = Rð1Þ

m,k, i.e., FðxÞ = 0. In this
case, wm = ðF−1ð0Þ/DÞlm, which completes the proof.

C. Proof for Theorem 3

Theorem 1 has shown that the FP method generates a
sequence of convex optimization problems converging to a
stationary point with nondecreasing manner after each itera-
tion. Therefore, we can obtain GðBðnÞ, PðnÞ,Qðn+1ÞÞ ≥GðBðnÞ

, PðnÞ,QðnÞÞ. Meanwhile, the optimal BðnÞ and PðnÞ to problem
(6) can be obtained via interior-point method and (11),
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Figure 4: The average max-min rate of the proposed algorithm for
different time periods.
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Figure 5: The complexity of the proposed algorithm for different
time periods.

7Wireless Communications and Mobile Computing



respectively. Therefore, GðBðn+1Þ, Pðn+1Þ,Qðn+1ÞÞ ≥GðBðnÞ,
PðnÞ,QðnÞÞ is also obtained. Since the solution region is com-
pact, the iterative method proposed in Algorithm 2 can
finally converge to a local optimal point fB∗, P∗,Q∗g, and
this completes the proof.
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