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Abstract—Unmanned aerial vehicle (UAV)-assisted wireless
powered sensor networks (WPSNs) have emerged as a promising
paradigm for charging sensor nodes’ batteries in remote areas.
However, the sum-throughput of overall sensor nodes can dra-
matically decrease due to their long-distance transmission to the
UAV. In this paper, we propose a joint distributed beamforming
and backscatter cooperation (BC) scheme to enhance the sum-
throughput of UAV-assisted WPSNs with various types of sensor
nodes. In particular, we consider the BC mechanism which
leverages other types sensor nodes with constructive multi-path
signals to enhance the long-distance transmission of same-type
sensor nodes. We maximize the sum-throughput by jointly opti-
mizing the distributed backscattering, distributed beamforming
and time allocation. The sum-throughput maximization problem
is difficult to be solved directly due to the coupling among
optimizing variables. We decompose the problem into a BC
subproblem and a time allocation subproblem, and propose a
two-step scheme to solve them. First, for the BC subproblem,
we derive closed-form low-complexity distributed beamforming
solutions and distributed backscattering solutions to maximize
the signal-to-noise ratios of the same-type sensor nodes. Second,
for the time allocation subproblem, we derive the closed-form
solutions according to KKT conditions. Simulation results are
provided to demonstrate that the proposed joint distributed
beamforming and BC scheme can increase the sum-throughput
as compared to conventional distributed beamforming schemes.

I. INTRODUCTION

Wireless powered sensor networks (WPSNs) are envisioned
as a promising paradigm for self-sustainable Internet of Things
(IoTs) to reduce the frequency of manually battery replace-
ment and charging. However, in the conventional wireless
powered network, power transmitters are usually deployed at
fixed locations, which cover limited areas and makes it difficult
for far sensor nodes to achieve good power transfer efficiency
over long-distance transmission [1], [2]. To overcome this
issue, the unmanned aerial vehicle (UAV) introduced as an
assisted component is employed as a mobile power transmitter
and an information receiver in WPSNs [3]. Specifically, in
the UAV-assisted WPSN, the UAV flies from one area to
another to charge distributed sensor nodes through wireless
power transfer (WPT) techniques. Then, the sensor nodes
send the measurement information to the UAV by using the
harvested energy [4]-[7]. Despite the assistance of the UAV,
the long-distance transmission issue remains prominent during
the WPT. That is because, to efficiently charge sensor nodes
and collect the measurement information, the UAV has to
move sufficiently close to sensor nodes. Thus, the UAV have
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to consume more time and energy to follow a predesigned
trajectory to charge distributed sensor nodes.

The distributed beamforming technique has been used to
address the long-distance transmission issue in the UAV-
assisted WPSNs [8], [9]. After information sharing and syn-
chronization, a group of sensor nodes can cooperate to form
a virtual antenna array for transmitting common information
to a UAV. In this way, the received signal at the UAV can
be coherently combined to enlarge the signal-to-noise ratio
(SNR) [8], [10]. As the UAV moves close to the ground, only
a small number of same-type sensor nodes in the coverage of
the UAV cooperate for distributed beamforming. As such, the
distributed beamforming may be incapable of supporting the
long-distance transmission due to a low SNR. To overcome
this issue, we introduce backscatter-enabled relaying nodes
integrated with passive components in the network, which
can passively reflect the received signals from the sensor
nodes to the UAV. In this way, the backscatter nodes are
able to produce constructive multi-path signals to improve the
received SNR [11], [12].

In this paper, we propose a joint distributed beamforming
and backscatter cooperation (BC) scheme to enhance the sum-
throughput of a UAV-assisted WPSN. Specifically, the UAV-
assisted WPSN adopts a harvest-then-transmit (HTT) strategy
for energy harvesting and information transmission between
the UAV and the sensor nodes. In the energy harvesting
phase, sensor nodes of different types simultaneously harvest
energy transmitted from the UAV. Then, in the information
transmission phase, sensor nodes of different types transmit
information in a time division multiple access (TDMA) man-
ner. A group of the same-type sensor nodes transmit their
common information together through distributed beamform-
ing. Meanwhile, all the sensor nodes of other types act as
backscatter nodes to reflect signals from the transmitted sensor
nodes to the UAV. Extensive simulation results validate the
effectiveness of the proposed scheme in enhancing the sum-
throughput performance. The main contributions of this paper
are as follows.

e« We propose a joint distributed beamforming and BC
scheme for uplink transmission in the UAV-assisted
WPSN. Specifically, the transmitted signals of a group of
same-type sensor nodes are backscattered by the sensor
nodes of other types to enhance the SNR at the UAV.

e We formulate a non-convex sum-throughput maximiza-
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Fig. 2. The transmission protocol in the UAV-assisted WPSN.

tion problem by jointly optimizing the distributed
backscattering, distributed beamforming, and time allo-
cation. It is difficult to directly solve the sum-throughput
maximization problem because of the coupling among
optimizing variables. Thus, we decompose the problem
into a BC subproblem and a time allocation subproblem.

o We propose a two-step scheme to solve these two sub-
problems. First, we derive the closed-form expressions
of low-complexity distributed beamforming solutions and
distributed backscattering solutions to solve the BC sub-
problem. Second, we derive the closed-form expressions
of the solutions for the time allocation subproblem ac-
cording to KKT conditions.

II. SYSTEM MODEL
A. Considered Scenario

We consider a UAV-assisted WPSN which consists of one
UAV and a large number of sensor nodes uniformly deployed
in remote areas, as shown in Fig. 1. There are M types of
sensor nodes and the number of type m sensor nodes is N,,
(It is assumed N; = --- = Nj; = N for simplicity in
derivation). We assume that both the sensor nodes and the UAV
are equipped with only one antenna and operate over the same
frequency band. The UAV is dispatched as an aerial energy
transmitter to charge various sensor nodes on the ground.
It is assumed that there is no initial energy in the batteries
of sensor nodes which are equipped with a radio frequency
(RF) harvester to collect RF energy. In addition, the harvested
energy of each sensor node is used to transmit measurement
information to the UAV via joint distributed beamforming
and BC. When a group of same-type sensor nodes transmit
their common information to the UAV, all the sensor nodes of
other sensor types act as backscatters to provide BC. All the

Type m sensor nodes

UAV j

@ O @
® 00 00 @

Backscatter cooperatlon nodes

Fig. 3. The joint distributed beamforming and backscatter cooperation scheme
in the UAV-assisted WPSN.

sensor nodes can enable the backscatter capability to reflect the
received RF signals without energy consumption. Moreover,
only the sensor nodes of the same type can share the common
information which is obtained via information sharing or
measuring the same information [13]-[15]. Since the UAV
transfers the power and receives the signal through line-of-
sight (LoS) links, only distance-dependent pathloss is consid-
ered in the model. Specifically, wireless channels are quasi-
static flat-fading, i.e., channels keep constant in each block, but
change independently from one block to another. Accordingly,
given the distance D between the UAV and a sensor node, the
channel power gain is given by |h|> = 1073p2D~*, where
channel h is a complex random variable. p represents the
channel shadowing which is assumed to follow the Rayleigh
distribution [2], [16], « is the channel pathloss exponent.

The UAV-assisted WPSN adopts the HTT protocol [2] for
energy harvesting and information transmission between the
UAV and sensor nodes, as shown in Fig. 2. In particular, each
block with duration 7 is divided into two phases: WPT phase
and wireless information transmission (WIT) phase. In the
WPT phase whose duration is 707, 0 < 75 < 1, all sensor
nodes harvest wireless energy from the UAV simultaneously.
The WIT phase has a duration of (1 — 7¢) 7. This phase is
divided into M portions for M sensor types and type m sensor
nodes are assigned with duration 7,7, 0 < m < M.

Type m sensor nodes transmit their common information
via the joint distributed beamforming and BC, as shown
in Fig. 3. We assume that the information synchronization
has been completed in type m sensor nodes before their
information transmission [13], [14]. After WPT phase, all type
m sensor nodes transmit their common information by using
the harvested energy. The signals are transmitted in two types
of links: direct link and indirect link. In the direct link, signals
are transmitted from the type m sensor nodes to the UAV
directly. In the indirect link, sensor nodes of all other M — 1
sensor types provide distributed BC and reflect signals from
type m sensor nodes to the UAV to improve the received SNR.
The backscattering coefficient at a cooperative sensor node is
adjusted by tuning the load impedance of antenna at itself.

To sum up, the signal transmission model based on the two-
phase HTT protocol is given in following two subsections.
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B. WPT Phase

During WPT phase, the UAV charges all sensor nodes
simultaneously through WPT. Denote by S,,,, the n*" sensor
node of m*" sensor type, then the received signal at S,,, is
given by y2.. = \/P.hymnTa + Zmn, where x, and P, are the
normalized transmitted signal and the transmit power of the
UAV, respectively. h,,, € C'*! is the channel from the UAV
t0 Spp. In addition, z,,, ~ CN(0,02,,) is the additive white
Gaussian noise (AWGN) at the receiving antenna of S,,,,. The
received signal power at .S,,,,, can be obtained by

PR =B [[yl”] = |V/Pahunn

Since the output of a practical energy harvesting (EH) circuit
is always finite, a nonlinear EH model in [17] with upper
boundary MEH is adopted in this paper, i.e.,

U, — MEHQ, 1

Q@ =—" 2
1— an ’ mmn 1 + eamnbm,n ’ ( )

2 2
+Jﬁm ~ P, |hmn!|”. (1)

EH __
Pmn -

EH
M

- 1 + e_anLn(P,}sz_bnzn) ’

Ui 3)

Here, PEIH is the practical EH power at S,,, which is a
conventional logistic function with respect to the received
signal power P,fff‘l [17]. Here, amy, and b,,, are parameters
related to the detailed EH circuit. MEH is the maximum

output of the EH circuit at .S,,,. Thus, the energy harvested
at S, in this phase can be obtained by F,,, = Pnb;H ol

n

C. WIT Phase

The WIT phase is divided into M portions unequally for M
sensor types, as shown in Fig. 2. Within 7,7 amount of time
assigned to type m sensor nodes, the sensor nodes of sensor
type m exhaust the harvested energy to transmit their common
information to the UAV. The transmitted signal at S,,,,, can be
expressed as:

Epmn 9T

Tmn = 76]0m”5ma (4)
T

where 617 is the phase of transmitted signal at S,,,, and
Sm 1s the baseband transmitted signal of common informa-
tion of type m sensor nodes. When type m sensor nodes
transmit their common information to the UAV, the rest
sensor nodes act as distributed backscatters. Denote by x,, =
[T, ,Zmn] 7 the distributed beamforming vec-
tor at type m sensor nodes. Then, the received signal at the

UAV can be expressed as

7‘/L‘m’ﬂ7.'.

yo, = (94, + 9 ®mHy) @y + 2, 5)

where g4, € CN*! is the channel vector from the type
m sensor nodes to the UAV. We assume that the channel
reciprocity holds for the downlink and uplink and thus
9d,, — [hmh oy hmn, ,th]T- gr,, € (CN(Mil)Xl
is the channel vector from the BC nodes to the UAV.
H,, ¢ CN(M=1xN i the channel matrix from the type m
sensor nodes to the BC nodes. ®,, € CNM-DxN(M-1)

diag(ﬁlejelv T 7Bkej9k7 e 7BN(M71)€jGN(M71)) denotes

the backscattering coefficient diagonal matrix of the BC
nodes, where 0 < (B < 1 and 0 < 0, < 27 denote
the backscattering amplitude and phase shift, respectively.
We set 5 = 1 in this paper for simplicity in derivation.
2" ~ CN(0,0?) denotes the AWGN at the receiving antenna
of the UAV. Thus, the received SNR at the UAV from type
m sensor nodes can be expressed as:

| (g;{m + gzm,q’7rLH77L) mm|2

m 0—2
T T ;2 (6)
A B
= = Tm,
where
Am:dlag{\/%”\/ngv,\/Pgﬁ},
T (7)
jgTx T T
w;n = [6]9,,11’“. ,6j0m",-..€J0mN:| e X1,

Thus, the throughput of type m sensor nodes can be expressed
as:
Ry = 7 log, (1 + w:n”)) 7 (8)

T”n
| (gg;m, Am +gz;n Pm Hm’Am’)u;’l |2
o2

where 7], =
III. SUM-THROUGHPUT OPTIMIZATION

In this section, the sum-throughput maximization problem
of the UAV-assisted WPSN with M sensor types is investi-
gated. T = [79, 71, - ,TM]T, x =[xy, -, x|, and P =
[®1,---,®)] are optimizing variables of time allocation,
distributed beamforming and BC, respectively. Then, the sum-
throughput maximization problem is formulated as follows:

M T
Z T 108y (1 + '77/71 (T, o) 0) )

Tm

m=1
M ©)
s.t. 1+ Z Tm = 1.

m=1

Note that the objective function in problem (9) is a sum

P1l: max

T,x,P

70

of 7, log, (1 + 90, (T, Brn) T—)
increasing function over ., (T, ®m). Vi, (T, @) is a
function of x,, and ®,,,, while it is unrelated to 7. Based on
this observation, we decompose the above problem into a BC
subproblem and a time allocation subproblem, and propose
a two-step scheme to solve them. In this way, we can first
obtain the optimal values of x,, and ®,, by solving a set of
subproblems as follows:

P1.1: YT, @), Ym=1,--- M.

which is a monotonically

max

Tm , Pm

(10)

After obtaining the optimal value of ~/, in problem (10)
denoted by ~/%, problem (9) can be rewritten as

M
P1.2: max Z R (V2 705 Tn),
m=1

o (an
st. 71+ Z Tm = 1.
m=1
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The optimal value of 7 in problem (9) can be obtained by
solving (11). The detailed procedure of the proposed two-step
scheme is given in the following two subsections.

A. BC Subproblem

In the first step, we solve subproblem (10) to maximize
~r., ¥Ym = 1,--- M. Subproblem (10) is a joint distributed
beamforming and BC optimization problem in information
transmission of type m sensor nodes, which is expressed as:

erzl}%k |(g§mAm + ngm @mHmAm) w;n’
st.0< @M <or ¥n=1,---,N
0<60,<2m, Vk=1,--- ,N(M —1),

where the phases of distributed beamformingTand BC are
denoted by 7% = [¢Lz ... oLz ... gI=2]" and 6, =

Tz ... 6Tz ...
[01, Ok, O M—1)]’ respectlvely. The optimal solu-
tions of GT“"

Tax _ MRT MRT
I can be denoted by 672* = arg (w217, W
is the maximum-ratio transmission (MRT) beamforming vector

which can be expressed as:

(97 A+ g7 @ HuAy)"

12)

MAT — . 13
T ok A+ gl SnHaAL
Substituting #22* into (12), we have
max Hgg-;n Am +g?m(§mH7rlA7rL’|1 )
O ' (14)

st. 0<6p<2m Vk=1,---,N(M—1).

where ||-||; denotes the L; norm function. To simplify the
expression, we make g! &, H,, A, = ul, ¥,,, where

v, = diag(grm YH,, A,
}T (15)

6 6 10N (01—
Uy, = [ej L @0 edONaao

Thus, the objective function in (14) can be rewritten as

gz, Am + 7, @ Hon A,

= llgd, Am +wn¥ul,

< llga, Amlly + e, -
Considering the prohibitive computational complexity for a
backscatter node to compute the optimal backscattering coeffi-
cients,! we propose a distributed BC scheme. In the proposed
scheme, the backscattering coefficient at a backscatter node
is computed only based on the phase of the incident signal
at itself and the channel state information (CSI) from the
backscatter node to the UAV. The proposed distributed BC
scheme is designed to make the phases of received signals

at the UAV from direct link and the BC link via backscatter
nodes are same, i.e.,

(16)

arg(ggm Ap) = arg(u, P,). 17

Using this distributed BC scheme, each transmitted sensor
node only needs the CSI from itself to the UAV for distributed

To obtain the optimal backscattering coefficients, each backscatter node
needs a lot of communication resources to obtain the global channel infor-
mation and a lot of computation resources to compute.

beamforming. The transmitted signal at S,,,,, can be expressed

as:
o Emn el arg(hon,) ¢
mn mo
T

Then, the phases of received signals at the UAV from type m
sensor nodes via direct links are same. Meanwhile, the incident
signal at a backscatter node k can be represented by

RO Zx
Sin mn mnk

n=1

(18)

19)

where hyn g € C'*1 denotes the channel from S, to
backscatter node k. To maximize the received signal power
at the UAV, backscatter node k adjusts its backscattering
coefficient to make the received signals at the UAV via indirect
links are same as those in direct links, i.e.,

—arg(s (k)) — arg(hak).

To sum up, a low-complexity distributed beamforming and
distributed backscattering scheme is achieved by using §1%* =
arg( M RT) at the transmitted sensor nodes and (20) at the
BC nodes, respectively.

0; = arg(s,, (k) H hE ) = (20)

B. Time Allocation Subproblem

In the second step, we solve subproblem (11) to maximize
sum-throughput. Based on the joint distributed beamforming
solutions and distributed backscattering solutions which have
already been obtained in Section III-A, the sum-throughput
maximization problem can be expressed as:

M
max ZlelogQ(lJr'y m)
" 2n
st. T+ Z Tm =
m=1

The objective function of problem (21) is the sum of
perspective functions of log,(1 + +/*7) which is a concave
function. According to the preserve convexity property [18],
the objective function of problem (21) is also concave. Thus,
problem (21) is a convex optimization problem, and the
Lagrange dual function of problem (21) is given as:

M M
* T
L= rnlogs(l+7i=2) = alro+ > 7w — 1), 22)
= m m=1

where p is the Lagrangian multiplier associated with the con-
straint in (21). According to the Karush-Kuhn-Tucker (KKT)
conditions, we have

M
) —u=0 23
7 mZ:: =0, (23a)
BL 1 x
)= — (In(l+2m) - —=— ) —pu=0, (23b
6Tm 2< T 1+mm) K (23b)
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where x,,, = 7, 7> We define f(z) = In(1+z)— 175, 2 > 0.
By combining (23a) with (23b) and eliminating variable y, we

have
M

Vit
y 1+ ZT;
=1

Since f(x) is monotonically increasing and f(z1) = --- =
f(xar), we have 1 = = xp = Z. Then (24) can be

rewritten as
_ M %
r Ei:l Vi

In(1 + ) — = 2
A T T @
M 1% M M -
: 1 —1+xM A 1 =1
L Zim ol el (sl oD o
1+z €
M 1%
) M e
- w(@éﬂ(ﬂb);%7 (25¢)
e

M 1%
where w(Z) = % By using the Lambert W function,

the solution of w in (25¢) can be obtained and denoted by w*,

M I3
_ Moy 1 . . .
then we have & = Z:t}iz —1. According to this expression
and Z = v, 7>, we have
1%, %
Vi w
Tm = m 70- (26)

Ziﬂg V-l wr
According to (26) and the constraint in (9), we can get the
closed-form expressions of optimal time allocation solutions

as follows:
* My«
=1/ <1+ Wi ) ,

M e ok
Zi:l i w 1 (27)
. T 19 M
Tm — M N To, M =1,4,---, .
" Zi=1 %{ - -1

IV. SIMULATION RESULTS

In this section, extensive simulation results in a UAV-
assisted WPSN with various sensor types are provided. Based
on the obtained optimal distributed backscattering (ODB)
coefficients, we compare the sum-throughput performance of
the proposed joint distributed beamforming and BC scheme
with the following benchmark schemes:

o Fixed-coefficient distributed backscattering (FDB)
scheme: In this scheme, all phases of backscattering
coefficients are equal to 0, and the time allocations are
optimized based on (27).

o No distributed backscattering (DB) scheme: In this
scheme, only direct transmission is considered in the
UAV-assisted WPSN, and +,, in problem (9) is equal
to }ggmAm|2 / o2. In addition, the time allocations are
optimized based on (27).

« No DB and equal time allocation (ETA) scheme: In
this scheme, only direct transmission is considered, and
the time for WIT is equally allocated.

The spectrum density of AWGN at the receiving antenna is
assumed to be —160 dBm/Hz, and the bandwidth is 1 MHz [2].
The average signal power attenuation is assumed to be 30 dB
at the reference distance of 1 m. We assume that sensor nodes
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With no DB
—-%—--With no DB and ETA

@
o
-k —o—
R s )
B«
6 7 8 9 10
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Fig. 4. The average sum-throughput performance versus the coverage radius
under different schemes.
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Fig. 5. The average sum-throughput performance versus the number of sensor
types under different schemes.

are distributed in a circle with radius R'¢, and the locations
of sensor nodes are uniformly distributed. In addition, the
UAV is placed above the circle center with height Dg. In
the non-lincar EH model, it is assumed that a,,, = 150,
bmn = 0.014,¥m,n, and MFH = 24mW [17]. Simulation
results are averaged based on 2,000 samples with different
channel fading and sensor nodes’ locations.

Figure 4 shows the impact of the coverage radius on
the average sum-throughput performance in the UAV-assisted
WPSN with M =5, N =5, P, = 1W, Dy = 20m, and
a = 2.5. It is observed that the proposed scheme outperforms
the other three schemes especially with small coverage radius.
Also, it can be observed that the advantage of two schemes
with DB (the proposed scheme and the FDB scheme) is
extremely obvious in the situation of small radius.

Next, by fixing R!°° = 5m, Fig. 5 shows the average
sum-throughput comparison for different numbers of sensor
types. With the increasing number of sensor types, there are
more sensor nodes acting as backscatter nodes. Then the
superiorities of schemes with BC (the proposed scheme and
the FDB scheme) are increasingly obvious. When the number
of sensor types increases to 15, it is observed that a 18.39%
sum-throughput gain is achieved by the proposed scheme as
compared to the scheme with no DB and ETA.

Figure 6 reveals the average sum-throughput performance
versus the number of sensor nodes in each sensor type, where
M =5, R = 5m, P, = 1W, Dy = 20m, and o =
2.5. With the increase of the number of sensor nodes in each
sensor type, both the number of sensor nodes for distributed
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backscattering and the number of sensor nodes for distributed
beamforming increase. Thus, the sum-throughput performance
of all four schemes are enhanced dramatically.

As shown in Fig. 7, we further study the average sum-
throughput performance over UAV height Dy for different
transmission schemes, where M = 8, N = 5, R = 5m,
P, = 1W and a = 2.5. It is observed that the sum-throughput
of all schemes drops with the increase of UAV height because
of a high pathloss. The proposed scheme still outperforms
other three schemes.

V. CONCLUSION

In this paper, we have investigated a UAV-assisted WPSN
with various types of sensor nodes. A joint distributed beam-
forming and backscatter cooperation scheme has been pro-
posed to enhance the sum-throughput performance by reducing
the impact of long-distance transmission from sensor nodes to
the UAV. The proposed scheme can also improve the coverage
area and energy efficiency of the UAV. Simulation results have
been provided to demonstrate the superiority of the proposed
scheme as compared to benchmarks, especially in the scenario
with a large number of sensor nodes. For the future work, we
will investigate a cooperative transmission scheme considering
sensitivity thresholds which can effectively harvest the energy
and successfully receive the information.
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