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Abstract—Unmanned aerial vehicle (UAV) has been extensively
deployed to improve wireless coverage due to its high mobility,
while ambient backscatter communication has the advantage in
improving the energy efficiency. Thus, UAV can be employed
to assist ambient backscatter communications when the ground
source is unavailable. In this correspondence, a UAV-assisted
ambient backscatter communication scheme is investigated to
maximize the average transmission rate of backscatter users by
jointly optimizing the user scheduling, transmit power and UAV’s
trajectory. The formulated problem is non-convex with integer
variables, which is solved by a three-stage iterative algorithm.
The user scheduling is first approximately solved. To accelerate
the convergence, a coarse optimization scheme is then proposed
to obtain the preliminary transmit power and trajectory. Finally,
a fine optimization scheme is adopted to improve the accuracy.
Simulation results show that the backscatter rate can be effec-
tively enhanced by the proposed scheme.

Index Terms—Ambient backscatter communication, rate max-
imization, trajectory optimization, unmanned aerial vehicle.

I. INTRODUCTION

Unmanned aerial vehicle (UAV) aided wireless communica-
tion has been widely investigated, which has the advantage of
extending terrestrial wireless coverage and enhancing capacity
[1], [2]. Benefiting from the swift deployment and high pos-
sibility of line-of-sight (LoS) air-ground links, UAV-assisted
communications have been studied in various applications,
including surveillance for public safety, data relaying between
isolated areas, as well as data gathering and dissemination for
remote Internet of Things (IoT) devices [3], [4].

Several techniques has been investigated to achieve energy
sustainability, such as integrated data and energy transfer
[5], [6] and ambient backscatter communication (AmBC) [7].
AmBC is able to provide wireless transmission by exploiting
ambient radio frequency (RF) signals from existing infrastruc-
tures, such as TV towers and base stations [8]. Since the
information is modulated by reflecting the incident signal,
mobile devices can transmit data without power-hungry RF
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transmitters, which is energy-efficient and cost-saving. Thus,
AmBC is deemed as a promising technology to support future
low-power IoT applications. In UAV-assisted networks, the
wireless signal emitted by the UAV can be regarded as an
excellent RF resource for AmBC due to the LoS channels.
Accordingly, UAV and AmBC can be combined for better
performance.

Due to the above-mentioned advantages, UAV-assisted
backscatter communications have been extensively investigat-
ed. In [9], UAV was employed by Yang et al. to gather data
from multiple backscatter devices. A UAV-enabled backscatter
system was proposed by Tran et al., where the UAV was
utilized for active relaying and passive backscattering simul-
taneously [10]. By exploiting LoS air-ground channels, the
RF signals transmitted by UAV can be leveraged for AmBC
[11], [12]. For example, the UAV can work as both RF
emitter and relay to assist the AmBC [11]. In [12], an energy-
efficient scheme was proposed by Han et al. for UAVs to
serve multiple backscatter devices. By employing the UAV
as RF source, the passive intelligent reflecting surface can
send its own message via AmBC [13]. In IoT networks, the
UAV can be deployed for both RF emitting and data gathering.
This scenario was investigated in [14], [15], where the UAV’s
mobility was exploited to improve the performance. Taking
the channel fading into consideration, the outage performance
of UAV-assisted AmBC was analyzed in [16]. In the above-
mentioned literature, the main task of UAV is to support the
AmBC. Nevertheless, the UAV can support the air-ground
communication and AmBC simultaneously, which has not
been fully investigated.

Motivated by the above discussions, a UAV-assisted AmBC
system is investigated in this correspondence, where the UAV
serves multiple ground users, and its transmitted signal is also
leveraged for AmBC. Aiming at maximizing the average rate
of backscatter pairs while satisfying rate constraints of ground
users, we focus on the joint optimization of user scheduling,
transmit power and UAV’s trajectory. More importantly, we
propose a coarse optimization and a fine optimization to
accelerate the convergence and reduce the complexity. Overall,
a three-stage iterative algorithm is proposed to acquire an
approximate solution.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

Consider the UAV-assisted AmBC system demonstrated in
Fig. 1, where K ground users and M pairs of backscatter
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Fig. 1. UAV-assisted ambient backscatter communications.

users are served by the UAV simultaneously. Since the air-
ground channel is LoS dominated, the single antenna scenario
is considered. The horizontal coordinate of the kth ground
user is represented as wjp = [xmk,yw,k]T e R |k ¢
K £ {1,2,...,K}. Similarly, the coordinates of the mth
backscatter transmitter and the mth backscatter receiver are
expressed as a,, = [xa7m7ya’m}T € R>**! and b,, =
(b Yom] - € R, me M2 {1,2,..., M}, respectively.
Each backscatter transmitter and its corresponding receiver is
assumed to have a fixed distance dy. The UAV is assumed
to fly at a fixed height of H and finally returns to its initial
location within the duration of 7', which can be divided into
N time slots. The value of N is a tradeoff between the
accuracy and complexity. The horizontal coordinate of UAV
is uln] = [zu[n], yu[n)]T, n €N = {1,2,...,N}, and the
maximum flying distance of UAV in each slot is D. Thus, the
UAV trajectory should satisfy

u[l] =ul[N]. (2)

According to [17], if the UAV is deployed high enough,
LoS air-ground link can be achieved. Thus, the Frris model
is employed for the air-ground path loss. The channel gain
between the UAV and the kth ground user can be written as

Bo
(72 + Ju[n] - wi*)

where [y denotes the channel gain at 1 m.

Since the reflected power of AmBC is low, the interference
from AmBC is ignored for ease of analysis. Thus, the signal-
to-noise ratio (SNR) of the kth ground user is denoted as

plnl huiln] _ plnl By
o (uln] — wil® + H2)o?

where p[n] is the UAV transmit power, o2 is the additive white
Gaussian noise (AWGN) power.

The user scheduling is denoted by 0 [n] € {0,1}, n €
N, k € K. 6 [n] = 1 indicates that the kth user is served
by the UAV in time slot n, otherwise, 65[n] = 0. To avoid
interference, we assume that the UAV can communicate with
no more than one ground user during one time slot, i.e.

huk[n] = ke, neN, Q)

“4)

Y,k [P] =

K
Zk_lek ] <1,neN. (5)
Then, the average rate of the kth ground user is denoted as
_ 1 N
Rus =20 Oclnllogy(1+yus ). (6
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Assume that a minimum average rate Ry is required for the
kth ground user. Then, we have Rw,k > Ry, ke K.

Each backscatter transmitter reflects the signal from UAYV,
through which it sends its own message to its corresponding
receiver. The interference of other backscatter users can be ig-
nored due to their long distance and low transmit power. Thus,
only the interference from the UAV is considered. According
to the analyses and experiments in [18], the interference from
the RF source can be attenuated up to 50 dB by shifting the
backscatter frequency away from the UAV’s signal frequency.
By this means, only a small part of interference power is left at
each backscatter receiver, which is denoted by a coefficient p
[16]. Thus, the signal-to-interference-plus-noise ratio (SINR)
at the mth backscatter receiver is expressed as

p[nlys
_ _ (lurl-an|*+H?)d§
Vo.m [n] = up[nlBo +o2 @

(lufn]—bm [[*+H?2)

where ¢ ~ exp(l) denotes the Rayleigh fading. o > 2 is
the path-loss exponent. Thus, the ergodic rate of the mth
backscatter user in time slot n is expressed as

Ry n[n] = E [logy (1 +vo,m[n])] (8a)
p[n]BoE[s]
(luln]—anm [P+H?)dg )
___wp[nlBo 2
(aln] b, 2E%) T 7
p[nlBg
(lafn]—an |+ H?)dg

up[n] B 2
Tall—b P07 T 7

(8b)

<log, (1 +

= log, <1 + ) = Ry,m[n], (8c)

where E.[] in (8a) is the mathematical expectation with
respect to ¢, and (8b) results from Jensen’s inequality. To sim-
plify the analysis in the following, the upper bound obtained
in (8c) is adopted as the maximum achievable rate for AmBC.

B. Problem Formulation

To maximize the average backscatter transmission rate,
the ground user scheduling ® = {0 [n], k€ K, ne N},
transmit power P = {p[n], n € N} and UAV trajectory
U = {un], n € N} should be jointly optimized. The
optimization problem can be expressed as

1 N
éfll?,)lij mwiln N anl Ry m[n] (9a)
s.t. Rw,k > Ry, k € IC, (9b)
1 N
¥ 2y P < po, (%)
p[n] >0, neN, (9d)
p[n] S 5170» n e N; (96)
u(l] = u[N], 92)
O [n] € {0,1}, ke K, neN, (9h)
Z:Zlek ] <1,neN. (9i)

where pg is the maximum average transmit power, and (9¢)
denotes the power constraint. (9) is a complicated non-convex
problem, which is challenging to tackle.
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III. ITERATIVE ALGORITHM FOR THE OPTIMIZATION

To make the problem (9) tractable, it is divided into two sub-
problems. For the first sub-problem, it is solved by relaxing the
integer variable 6, [n] into a continuous one. For the second
one, a two-stage scheme including coarse optimization and fine
optimization is proposed to accelerate the convergence. The
three stages are performed alternately in an iterative manner
to obtain an effective solution to the original problem.

A. User Scheduling Optimization
First, the binary variables in (9h) are approximated by the
following continuous ones as
0<0:[n]<1,neN, kek. (10)

The user scheduling is targeted at satisfying the rate require-
ment of UAV-served ground users. Therefore, the objective
function is maximizing their average rate. With continuous
variables © = {6, [n], k € K, n € N}, the user scheduling
optimization in (9) is rewritten as

Inax mln— E 1

K
s.t. Z@:l Op[n] <1, neN, (11b)
0<6p[n]<1,neN, kek. (11c)

n]logy (1 4 Yuw,k [1]) (11a)

For this linear programming, we can solve it by CVX.

B. Coarse Optimization of Transmit Power and Trajectory

To accelerate the convergence, a coarse optimization is
proposed to obtain the pre-optimized results. In (7), we ignore
the interference from UAYV, and the SNR of the mth backscatter
receiver is expressed as

Bis
llu[n]—a,, ||>+H? 2’
( p[n] ) dg g

Yo,m (1] = 12)
Similar to (8), the upper bound of the ergodic rate is adopted
as
; 53
=1 1
Fiomlp] = log, ( - ( [ufn]—a, ||*+H?>
p[n]
> B [logy (1 + Fom [n]) ]

With fixed ©, the joint optimization of P and U in (9) can
be given as

)daa2> (13)

1 o
max mniln N ZnNzl Ry m[n] (14a)
s.t. Rw,k‘ > Ry, k € IC7 (14b)
(9¢), (9d), (9e), (9f), (9g). (14¢)

For ease of expression, we define §,,[n] = W

and &7 [n] = W, where p” [n] and u” [n] are the
transmit power and trajectory in the rth iteration, respectively.
Although Ry, ,,,[n] is not convex with respect to p [n] and u [n],
it is convex with d,,[n]. Since the first-order Taylor expansion

of a convex function is its global lower bound, we have

Rymln] = Ay, In]+B,[n] (m[n] — 67, [n]) = RiY,[n], (15)

3

where g2
A7) =logy (1+ =0 [n]ila02)7 (16)
m 0
Bs 1
. ©r.n))2dg o2 082€
Bm[ ]__(M[ D 0[3(2] . (17)
1+ 5o

For the non-convex constraint in (14b), we define the
following convex expression R, x[n] = logy(1 + Ck[[jl#)’
where (x[n] = W Similarly, by defining ¢} [n] =

. p[n
W, the lower bound of R,, ;[n] can be given by

p
the following first-order inequality as

Ruk[n] = Ciln] + Di[n] (Culn] — Gilnl) = Ry x[n], (18)

where 8

Crn] = log (1 i 70) (19)

k[ ] 2 C}:[n]ag

%logﬁ
Dyln] = - 1 (20

+ e
Thus, (14) can be approximately written as
N B AT

max min anl Ry, (0] (21a)

1 R
s, NZL Bk R[] > Ry, k€K, (21b)
(9¢), (9d), (9e), (9f), (9g), (21¢)

which is convex and can be solved with polynomial complex-
ity. After solving (21), the obtained coarse optimized transmit
power and trajectory are denoted as P and U, respectively.

C. Fine Optimization of Transmit Power and Trajectory

The interference from UAV is taken into consideration in the
fine optimization. With fixed user scheduling ©®, the problem
(9) is written as

.1 N
max min anl Ry m[n] (22a)
st. Rux>Ro, k€K, (22b)
(9¢), (9d), (9e), (91), (9g)- (220)

We find that (22a) and (22b) are non-convex. To deal with
the non-convex expression Ry, ., [n] in (22a), we split it into a
difference of two functions as

Rp,m([n] = Rpm,1[n] — Rom,2[n]. (23)
By defining 7,,[n] W, Rym,1[n] and
Ry m 2[n] are expressed as
3 1Bo 2
Ry, 1[n] = log _+ +o?), @4
bl =108\ ol )

Ry m 2[n] = log, (Lﬁo + 02). (25)

' Mm [1]
Ry m,1[n] is convex with d,,[n] and 7, [n]. Similar to (15),

L 2 2
we can define 77, [n] = 12 [n]_b["”]“ I and acquire its lower

prn
bound as
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Ryma[n] 2By, 1 [n] + Fp, 1 [n] (0m[n] = 67, [n])

h (26)
+ Gy, 1 [n] (0] — 0, [n]) = R, (0],
where
58 1B 2
E" 1 27
) =108 (g + g+ @
2
. < oy logse
Friln) = — o - (28)
5 [n]d” tanmto
wBo slog,e
:.n,l[n] — ("7 [n]) M 2 (29)
a7, [n]d‘” toanm o

To handle the non-convex Ry ,,2[n], slack variables
S={S,[n],m € M,n € N} are introduced, which satisfy

—by,|* + H?
pn]
Since n,,,[n] is convex, its lower bound can be given as
"[n] —bm

aln] = ] +2( )" (uln] ~u [

p"[n]

(31
[u” [7] = by |* + H? :
- — (p[n] = p" [n]) = 0y ln].
(p" [n])
Thus, the constraint in (30) is approximately rewritten as
Smn] < iy [n]. (32)

Similar to Subsection IIL.B, (22b) can be approximated by
the lower bound in (18). According to the above derivations,
(22) can be approximately expressed as

1 N
FI’I}I%?(S m’nlbn N Zn:l Rban 1[ ] 10g2 (S,f([)n] +O'2) (3321)
1 N .
st Zn:1 Ox[n| R [n] > Ry, k € K, (33b)
Spln] <nll[n], me M,n e N, (33¢)
(9¢), (9d), (9e), (9F), (9g). (33d)

(33) is convex and can be tackled via CVX.

D. Iterative Algorithm

According to the analysis in the previous subsections,
we propose a three-stage iterative algorithm by solving the
convex sub-problems (11), (21) and (33) alternately, which is
summarized in Algorithm 1. Then, the binary variables 6y, [n]
is recovered from 6y, [n] in the following way

1 if k= argmax 6;[n],
Oxln] = ie{L K} (34)
0 else.

In Algorithm 1, the main computational complexity origi-
nates from solving three convex sub-problems in Step 3, Step
4 and Step5. In Step 3, a linear programming is solved by
the interior-point method with the computational complexity
O(L1 VKN ), L is the iteration number for updating the user
scheduling. For Step 4 and Step 5, both (21) and (33) have
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Algorithm 1 Iterative algorithm for (9).

1: Initialize feasible PY and U°, and let r = 0.

2: repeat

3:  Solve (11) via P" and U", and obtain the optimized
solution @1,

4. Solve (21) via ©"t1, and obtain the pre-optimized
solution P"+! and U™+

5. Solve (33) via ©™ ! | P! and U™"!, and obtain the
optimized solution P"*1 and U"*1.

6: Update r =7+ 1.

7: until the increase of the objective value is below a

threshold € > 0

the logarithmic form. By employing interior-point method, the
computational complexity for Step 4 and Step 5 is given as
O(L2(3N)*®) and O(L3(3N + MN)*®), respectively. Lo
and L3 are the number of iterations for solving (21) and
(33), respectively. Thus, the overall computational complex-
ity is © (L4 (LiVEN + Lo(3N)> + Ly(3N + MN)“)),
with L, being the iteration number. Since the object value is
non-decreasing in each iteration, and it is upper-bounded by
its optimal value, the proposed algorithm converges, although
it is not guaranteed to converge to the optimal solution.

IV. SIMULATION RESULTS AND DISCUSSION

In the simulation, 4 ground users and 3 pairs of ambient
backscatter users are distributed in a square area of 2000 x
2000 m2. We set H = 50 m, D = 100 m, N = 50, T = 100
$,02=-120dBm, =105 o =27, and e =2 x 1074 A
fixed distance d is set as 10 m because long distance will lead
to low backscatter rate. The initial trajectory is a circle with
the geometric center of all the ground nodes as its horizontal
circle center, and the average distance between the center and
each node is employed as the circle radius. The initial transmit
power of UAV is p[n] = po,n € N.

The convergence of the proposed algorithm with different
po is shown in Fig. 2, where Ry = 1 bit/s/Hz. The scheme of
no coarse optimization is also demonstrated for comparison.
Note that unlike in (7), in Fig. 2 and the following Fig. 4,
the interference from other backscatter pairs is considered.
It is observed that the average backscatter rate increases
with iterations. The proposed algorithm converges when the
number of iterations is about 20. Without coarse optimization,
nearly 40 iterations are required. This is because the coarse
optimization process guarantees that the trajectory is close to
the backscatter users to improve SNR. Moreover, the data rate
of AmBC is low. Since the practical application scenarios in
AmBC includes smart hand-held devices, vehicular communi-
cators and RFID tags, low data rate is sufficient to meet their
requirements.

The optimized UAV trajectories with different rate threshold
are shown in Fig. 3. The average transmit power py = 100
mW. The results indicates that our proposed algorithm can
successfully improve the UAV trajectory. In addition, when R
= 1 bit/s/Hz, the UAV has the chance to stay above the AmBC
users to achieve higher backscatter rate. As Ry increases, the
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UAV is getting closer to the ground users to satisfy their rate  [3]
requirements. Since the UAV has to serve both the ground
users and the AmBC pairs, its trajectory has a tradeoff between
the rate of the two kinds of users. [4]
Fig. 4 shows the average backscatter transmission rate with
several values of average UAV transmit power py, where s
Ry = 1 bit/s/Hz. In addition, three benchmark schemes are
introduced for comparison: 1) Initial scheme; 2) Static hover-
ing scheme, i.e., the UAV hovers at the circular center with 6]
the initial transmit power. 3) Ignoring interference, i.e., the
interference of AmBC networks is ignored. According to Fig.
4, the proposed scheme achieves higher average backscatter (7
rate than the benchmarks 1) and 2) , especially when pg is
small. In addition, we can see that the performance gain is
negligible when ignoring the interference. The results also
show that when pg increases, the average transmission rate of
AmBC increases. However, little gain can be achieved when
po is large enough. From (8c), We can observe that both the
backscatter signal and the interference are originated from the
UAV. This case reveals that the investigated AmBC system is  [10]
interference limited at high SNR regime.

[8]

[9]

[11]
V. CONCLUSIONS

In this correspondence, the rate maximization of a UAV- [12]
assisted AmBC system has been investigated, where the user
scheduling, UAV transmit power and trajectory are jointly
optimized. To address this complicated optimization problem, [13]
a three-stage iterative algorithm has been designed. The user
scheduling has been approximately solved in the first stage. [14]
To accelerate the convergence, a coarse optimization scheme
has been proposed to obtain a preliminary transmit power and [15]
trajectory. The third stage is a fine optimization scheme. The
results have shown that our proposed scheme can efficiently
enhance the average backscatter rate. [16]
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