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Abstract— This paper studies an unmanned aerial vehicle
(UAV)-assisted wireless powered sensor network (WPSN), where
sensor nodes of multiple types can simultaneously harvest
radio-frequency energy from the UAV and then transmit sensing
data by using harvested energy. A joint distributed beamforming
(DBF) and backscattering scheme is designed, in which the sensor
nodes of one type can perform DBF while the sensor nodes of
other types perform distributed backscattering (DBS) to improve
the received signal strength. A sum-throughput maximization
problem is formulated by jointly optimizing DBF phases, DBS
phases, and time allocation (TA), subject to the received signal-
to-noise ratio constraints. Since the formulated problem is
difficult to be solved due to the tightly coupled optimizing
variables, the problem is decoupled into a TA subproblem and a
phase optimization subproblem, and then a two-step algorithm
is proposed to solve them. Firstly, the closed-form solution
for the TA subproblem is derived according to Karush-Kuhn-
Tucker conditions. Secondly, based on iterative optimization
and one-dimensional search methods, a centralized algorithm is
proposed to obtain the optimal solution for the phase optimization
subproblem. Moreover, a decentralized algorithm that obtains
the suboptimal solution is proposed to reduce the computational
complexity. Extensive simulation results validate the effectiveness
of the proposed scheme on throughput enhancement.

Index Terms— Wireless powered sensor networks,
unmanned aerial vehicle, distributed beamforming, distributed
backscattering.

I. INTRODUCTION

IN MASSIVE machine type communications (mMTC) sce-
narios in the fifth-generation (5G) networks, a massive
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number of sensor nodes are deployed to support emerging
Internet of things (IoT) applications, such as smart agriculture
and forest monitoring [2]. To prolong the lifetime of sensor
nodes, the wireless powered sensor network (WPSN) is envi-
sioned as a promising paradigm, where sensor nodes harvest
ambient radio-frequency (RF) energy from a power transmit-
ter and then transmit their sensing data to an information
receiver [3], [4], [5]. However, in the conventional WPSN,
power transmitters are usually deployed at fixed locations,
which is inflexible to charge scattered sensor nodes in large
areas [6].

To overcome this issue, an unmanned aerial vehicle (UAV)
can be employed as the mobile power transmitter and infor-
mation receiver to assist the WPSN [7], [8], [9], [10]. In such
UAV-assisted WPSN, a UAV flies from one area to another
to charge scattered sensor nodes by using wireless power
transfer (WPT) techniques [11], [12]. Then, sensor nodes
transmit their sensing data to the UAV by using the harvested
energy [13], [14], [15]. However, the throughput performance
may still be unsatisfactory due to the impact of the long-
distance transmission. Therefore, the UAV has to follow a long
trajectory to collect data from scattered sensor nodes, resulting
in high time and energy consumption [16], [17], [18].

The distributed beamforming (DBF) technique is a potential
approach to enhance the transmission performance, in which
the direct link transmission from sensor nodes to the UAV
is enhanced by enabling a group of sensor nodes to act as
a virtual transmitting antenna array [19], [35]. To enable
the DBF, multiple sensor nodes synchronize their carrier
frequencies and symbol timing as well as adjust their phases to
transmit a message to the UAV [20], [21]. In addition, distrib-
uted backscattering (DBS) is another promising technique to
enhance transmission performance by using multi-path gains
in the indirect link transmission, which can leverage multiple
battery-free backscatter nodes to act as passive relay nodes
for reflecting the received signals from the transmitting sensor
nodes to the UAV [22], [23], [24]. In this way, the received
signal strength can be enhanced by effectively leveraging DBF
and DBS techniques.

As both the DBF and DBS aim to increase the power in the
desired direction and reduce the power scattered in undesired
directions, a joint design of them is of great significance to
enhance the transmission performance in the UAV-assisted
WPSN. It thus motivates us to incorporate the DBF of sensor
nodes of one type with the DBS of sensor nodes of other
types in a UAV-assisted WPSN with multiple sensor types.
In the joint design, a harvest-then-transmit (HTT) protocol is
employed in this paper for the WPT and wireless information
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transfer (WIT) between the UAV and the sensor nodes. The
WIT for different types of sensor nodes is performed in a
time division multiple access manner. With the DBF and DBS
considered among different sensor types, the first challenge is
to jointly adjust the DBF and DBS phases to maximize the
received signal strength, which incurs a high computational
complexity due to multi-dimensional continuous optimization
variables. Considering different energy harvesting capabilities
of multiple sensor nodes due to channel variation, the second
challenge is to optimally allocate the time resource to ensure
the received SNR fairness for different sensor types. We
aim to address the above issue in this paper and our main
contributions are as follows.

• We design a joint DBF and DBS scheme to enhance
the uplink transmission performance in the UAV-assisted
WPSN. Specifically, the transmitted signals from the
sensor nodes of one type are backscattered by the sensor
nodes of other types to improve the received signal
strength at the UAV.

• We formulate a sum-throughput maximization problem
that jointly optimizes DBF phases, DBS phases, and
time allocation (TA). To solve the formulated non-convex
problem with coupled variables, we propose a two-step
algorithm that decomposes it into a TA subproblem and
a phase optimization subproblem.

• We derive the closed-form solution for the TA subprob-
lem according to Karush-Kuhn-Tucker (KKT) conditions.
For solving the phase optimization subproblem, a central-
ized algorithm (CA) based on iterative optimization and
one-dimensional search is proposed. To reduce the com-
putational complexity, we further propose a decentralized
algorithm (DA) that obtains the suboptimal solution.

The remainder of this paper is organized as follows. Related
works are presented in Section II. Section III and Section IV
describe the system model and the HTT protocol, respectively.
In Section V, we formulate a sum-throughput maximization
problem and propose a two-step algorithm to solve it. Simu-
lation results are presented in Section VI, and conclusions are
drawn in Section VII.

II. RELATED WORK

The UAV-assisted WPSN can be used to enhance the per-
formance of terrestrial wireless communications and prolong
the network lifetime. However, the UAV has strict constraints
on the battery power and bandwidth [25], [26], [27], [28].
To efficiently leverage the limited UAV resource and prolong
service time, there have been some research works on resource
allocation optimization for both downlink and uplink transmis-
sions [4], [18], [29], [30], [31], [32], [33], [34]. Xie et al.
investigated a two-UAV wireless powered communication
network (WPCN) with two users for minimum throughput
maximization by jointly optimizing the TA, transmit power
and UAV trajectory [4]. With the consideration of nonlinear
energy harvesting (EH) in a UAV-enabled WPCN, a mini-
mum harvested energy maximization problem was investigated
in [18]. To meet various service requirements, a UAV-to-
everything communication framework was designed in [29].

An aerial refueling scheme was proposed in [30] for charging
UAVs by using WPT techniques. To maximize the sum energy
harvested at multiple ground devices, two charging schemes
for both 1D and 2D topologies were investigated in [31].
Ye et al. studied the optimal TA and hovering time ratio to
maximize the sum throughput for UAV-enabled wireless pow-
ered IoT networks [32]. Yu et al. investigated a multi-objective
optimization problem to jointly optimize the sum data rate,
sum harvested energy, and UAV’s energy consumption over
a particular mission period [33]. Considering a wireless pow-
ered UAV relay network with non-orthogonal multiple access
(NOMA), the performance evaluation of outage probability
and ergodic capacity was investigated in [34]. Different from
prior works that focus on the resource allocation for inde-
pendent transmissions of ground devices, our work considers
the cooperative transmission of ground devices to enhance
uplink transmission performance. Specifically, we propose a
novel cooperative transmission scheme, in which the direct
and indirect link transmissions are both enhanced.

Very recently, the DBF and DBS are applied as two cooper-
ative transmission technologies in wireless powered networks
to enhance throughput performance. The DBF utilizes multiple
sensor nodes to act as a virtual antenna array for improving
the transmission distance in a specific direction [36], [37].
Xu et al. investigated the joint DBF design to maximize
the SNR at the receiver in a UAV-assisted WPCN [36].
Feng et al. maximized the average data-rate throughput in a
delay-tolerant scenario and minimized the transmission outage
probability in a delay-sensitive scenario, respectively [37].
The DBS utilizes backscatter nodes to produce constructive
multi-path signals to enhance transmission performance [22],
[23], [38]. In [22], a throughput maximization problem was
investigated by jointly optimizing the TA, power allocation,
relays’ reflection coefficients and beamforming in a wireless
powered backscatter communication network. A backscatter
cooperation scheme was proposed in [23] for the NOMA
downlink transmission. In [38], Lyu et al. studied a throughput
maximization problem by optimizing TA in a wireless powered
network with a backscatter relay. These works focus on either
DBF or DBS for the cooperative transmission. Different from
them, our work incorporates the DBF with DBS in a UAV-
assisted WPSN. Specifically, a CA and a DA are respectively
designed in this work to jointly optimize the DBF and DBS.

III. SYSTEM MODEL

A. Network Model

We consider a UAV-assisted WPSN that consists of one
hovering 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 sensor nodes in
each type is N . We consider that both the sensor nodes and
the UAV are equipped with only one antenna and operate over
the same frequency band. The hovering UAV is dispatched as
an aerial energy transmitter to charge various sensor nodes
on the ground. Each sensor node, which has no initial energy
in the battery, is equipped with an RF harvester to collect RF
energy. In addition, the harvested energy of each sensor node is
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Fig. 1. The UAV-assisted WPSN with various types of single-antenna sensor
nodes.

Fig. 2. The transmission protocol in the UAV-assisted WPSN.

used to transmit sensing data to the UAV via DBF. It is noted
that the DBF can only be performed among the same-type
sensor nodes [36], [39]. When a group of same-type sensor
nodes perform DBF to transmit their information, the sensor
nodes of all the other sensor types act as backscatter nodes
to provide DBS. The sensor nodes can enable the backscatter
capability by adjusting the antenna impedance to reflect the
received RF signals [22].

The UAV-assisted WPSN adopts the HTT protocol [6]
for EH and information transmission between the UAV and
sensor nodes, as shown in Fig. 2. In particular, each block
transmission time with length T in the HTT protocol is divided
into two phases: the WPT phase and the WIT phase. In the
WPT phase whose duration is τ0T , 0 < τ0 � 1 , all sensor
nodes harvest wireless energy from the UAV simultaneously.
The WIT phase has a duration of (1 − τ0)T . This phase is
divided into M portions for M sensor types, and type m sensor
nodes are assigned with duration τmT, 0 < τm � 1, ∀m ∈
{1, 2, · · · , M}.

To enhance the information transmission performance of
type m sensor nodes, a joint DBF and DBS scheme is
designed, which is shown in Fig. 3. We consider that the
information synchronization has been completed in type m
sensor nodes before their information transmission [19], [36].
Then the information of type m sensor nodes can be trans-
mitted by using the harvested energy for DBF. The signals
are transmitted via two types of links: the direct link and the
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 the other M −1 sensor types provide
DBS and reflect signals from type m sensor nodes to the UAV
to improve the received SNR. The backscattering coefficient at

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

a cooperative backscatter node is adjusted by tuning the load
impedance of its antenna.

B. Channel Model

There are two kinds of wireless channels considered in
the network: the air-to-ground (A2G) channel and ground-to-
ground (G2G) channel, which are modeled according to [40]
and [41], respectively.

A2G channel model: The pathloss in dB between the UAV
and a sensor node is modeled as follows [40]:

PLA2G = CA2Glog10(d) + 20log10 (fc) + PLA2G
0 +χA2G,

(1)

where

CA2G = max {23.9 − 1.8log10(hUT ), 20} , (2)

hUT ∈ [hmin, hmax] is the UAV height in meter, d is the
distance in meter between the UAV and a sensor node, fc

is the center carrier frequency in GHz, and PLA2G
0 is a

related parameter with the constant value. In addition, hmin

and hmax are the minimum and maximum heights of the
UAV. χA2G denotes the shadow fading, which follows a
log-normal distribution (Gaussian in dB) with zero mean, i.e.,
χA2G ∼ CN (0, σ2

A2G). Here, we have

σA2G = 4.2e(−0.0046hUT ), hUT ∈ [hmin, hmax]. (3)

G2G channel model: The pathloss in dB between two
sensor nodes is modeled as follows [41]:

PLG2G(d) = max {PLFS(d), PLB1(d)} + χG2G. (4)

Here,

PLFS(d) = 20 log10(d) + 20 log10(fc) + PLFS
0 ,

PLB1(d) = 43.75 log10(d) + 26.16 log10(fc) + PLB1
0 , (5)

where d is the distance in meter between two sensor nodes,
PLFS and PLB1 are pathloss in free space and urban
microcell scenarios, respectively. In addition, PLFS

0 and
PLB1

0 are two related parameters with constant values. Here,
χG2G denotes the log-normal shadow fading in dB, and
χG2G ∼ CN (0, σ2

G2G), where σG2G = 7 dB.
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Without loss of generality, we consider that the channel reci-
procity holds for both G2G and A2G channels. Specifically,
wireless channels are quasi-static flat-fading, i.e., channels
keep constant in each block, but change independently from
one block to another.

C. Energy Harvesting Model

Denote by Smn the nth sensor node of the mth sensor type.
Let PRe

mn denote the received signal power at sensor node Smn.
Since the output of a practical EH circuit is always finite, a
nonlinear EH model in [42] with upper boundary MEH

mn is
adopted in this paper:

PEH
mn =

Ψmn − MEH
mn Ωmn

1 − Ωmn
, (6)

where

Ωmn =
1

1 + eamnbmn
, Ψmn =

MEH
mn

1 + e−amn(P Re
mn−bmn)

, (7)

PEH
mn is the practical EH power at sensor node Smn, which is

a logistic function with respect to the received signal power
PRe

mn [42]. Here, amn and bmn are parameters related to the
detailed EH circuit. MEH

mn is the maximum output of the EH
circuit at sensor node Smn.

IV. HARVEST-THEN-TRANSMIT PROTOCOL

The HTT protocol consists of two phases, which are pre-
sented in the following two subsections.

A. Wireless Power Transfer Phase

During the WPT phase, the UAV charges all sensor nodes
simultaneously through WPT techniques. The received signal
at sensor node Smn is given by

ys
mn =

√
Pahmnxa + zmn, (8)

where xa and Pa are the normalized transmitted signal and
the transmit power of the UAV, respectively. hmn ∈ C1×1

denotes the channel coefficient from the UAV to sensor node
Smn. In addition, zmn ∼ CN (0, σ2

mn) is the additive white
Gaussian noise (AWGN) at the receiving antenna of sensor
node Smn. The received signal power at sensor node Smn

can be obtained by

PRe
mn = E

[
|ys

mn|2
]

=
∣∣∣√Pahmn

∣∣∣2 + σ2
mn ≈ Pa |hmn|2 . (9)

Substituting Eq. (9) into Eq. (6), the practical EH power
PEH

mn can be obtained. Then the amount of energy harvested
at sensor node Smn in this phase can be expressed as

Emn = PEH
mn τ0T. (10)

B. Wireless Information Transfer Phase

The WIT phase is divided into M portions unequally for
M sensor types, as shown in Fig. 2. Within the time duration
of τmT assigned to type m sensor nodes, all the type m
sensor nodes exhaust the harvested energy to transmit their

information to the UAV. The transmitted signal at sensor node
Smn can be expressed as:

xmn =
√

Emn

τmT
ejθTx

mnsm, (11)

where θTx
mn is the phase of transmitted signal at sensor

node Smn, and sm is the baseband transmitted signal
of the information of type m sensor nodes. Let xm =
[xm1, · · · , xmn, · · · , xmN ]T denote the DBF vector for type
m sensor nodes. Then the received signal at the UAV can be
expressed as

ya
m = ( gT

dm︸︷︷︸
Direct link

+ gT
rm

ΦmHm︸ ︷︷ ︸
Indirect link

) xm + z′, (12)

where gdm
∈ CN×1 is the channel vector from the type m

sensor nodes to the UAV. Although there are two links, the
transmission signals are identical. Thus, the one-antenna AP
receives the signal in two paths and combines them by using
the equal gain combining method [22].

Considering the channel reciprocity, we have gdm
=

[hm1, · · · , hmn, · · · , hmN ]T . grm
∈ CK×1 is the chan-

nel vector from the backscatter nodes to the UAV, where
K = N(M − 1) denotes the number of backscatter nodes.1

Hm ∈ C
K×N is the channel matrix from the type m

sensor nodes to the backscatter nodes. Φm ∈ CK×K =
diag(βm1e

jθDB
m1 , · · · , βmkejθDB

mk , · · · , βmKejθDB
mK ) denotes the

backscattering coefficient diagonal matrix of the backscatter
nodes, where 0 � βmk � 1 and −π � θDB

mk � π denote the
backscattering amplitude and the phase at backscatter node k,
respectively. We set ∀βmk = 1 in this paper for simplicity in
derivations, but the scheme proposed in this paper can be easily
extended to the case with arbitrary values of βmk ∈ [0, 1].
z′ ∼ CN (0, σ2) 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:

γm =

∣∣(gT
dm

+ gT
rm

ΦmHm

)
xm

∣∣2
σ2

=

∣∣(gT
dm

Λm + gT
rm

ΦmHmΛm

)
ω′

m

∣∣2
σ2

τ0

τm
, (13)

where

Λm = diag

{√
PEH

m1 , · · · ,
√

PEH
mn , · · · ,

√
PEH

mN

}
,

ω′
m =

[
ejθT x

m1 , · · · , ejθT x
mn , · · · ejθTx

mN

]T
∈ C

N×1. (14)

We define γ′
m = |(gT

dm
Λm+gT

rm
ΦmHmΛm)ω′

m|2
σ2 as the unit

SNR achieved by type m sensor nodes, then we have

γm = γ′
m

τ0

τm
. (15)

1Although the number of sensor nodes in each type is assumed to be
the same in this paper, the proposed scheme can be directly applied to
the networks with various numbers in different sensor types by using
K =

�M
i=1,i�=m Ni as the number of backscatter nodes for information

transmission of type m sensor nodes, where Ni is the number of sensor
nodes in type i sensor nodes.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 20,2025 at 19:51:05 UTC from IEEE Xplore.  Restrictions apply. 



1514 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 22, NO. 3, MARCH 2023

The throughput of type m sensor nodes in bits/second/Hz
(bps/Hz) can be expressed as:

Rm = τm log2 (1 + γm) . (16)

V. PROBLEM FORMULATION AND

OPTIMIZATION STRATEGIES

In this section, the sum-throughput maximization problem
of the UAV-assisted WPSN with M sensor types is formulated.
Let θTx

m = [θTx
m1, · · · , θTx

mn, · · · , θTx
mN ]T and define a real

matrix ΘTx = [θTx
1 , · · · ,θTx

m , · · · ,θTx
M ] as the DBF phase

matrix. Let θDB
m = [θDB

m1 , · · · , θDB
mk , · · · , θDB

mK ]T and define a
real matrix ΘDB = [θDB

1 , · · · ,θDB
m , · · · ,θDB

M ] as the DBS
phase matrix. τ = [τ0, τ1, · · · , τM ]T represents the optimizing
variables of TA. Then, the sum-throughput maximization prob-
lem subject to the received SNR constraints can be expressed
as:

P1 : max
τ ,ΘT x,ΘDB

M∑
m=1

τm log2

(
1 + γ′

m

(
θTx

m ,θDB
m

) τ0

τm

)
,

s.t. τ0 +
M∑

m=1

τm = 1,

γm � γ0. (17)

The above optimization problem is non-convex due to the
coupled variables in the objective function. To solve the
complicated problem with coupled variables, we propose an
optimization algorithm with two steps: the TA optimization
and the phase optimization. The detailed procedure of the
proposed two-step algorithm is given in the following two
subsections.

A. Time Allocation Optimization

In this subsection, we derive the closed-form expressions
of the TA solution. Note that γ′

m(θTx
m ,θDB

m ) in the objective
function of problem P1 is a function of θTx

m and θDB
m , while

it is unrelated to τ . For a set of given θTx
m and θDB

m , problem
P1 is reduced as:

P1.1 : max
τ

M∑
m=1

τm log2(1 + γ′
m

τ0

τm
), (18a)

s.t. τ0 +
M∑

m=1

τm = 1, (18b)

γ′
m

τ0

τm
� γ0. (18c)

The objective function of problem P1.1 is the sum of per-
spective functions of log2(1 + γ′

mτ0) that is a concave
function. According to the preserve convexity property [43],
the objective function is also concave. In addition, all the
constraints of problem P1.1 are linear. Thus, problem P1.1 is
a convex optimization problem and can be solved by using
convex optimization tools. However, excessive computing is
required to find the optimal solution in the feasible set.
To overcome this issue, we first derive the optimal SNR for
problem P1.1. Then we derive the closed-form expressions of
the TA solution based on the obtained optimal SNR and TA
constraints.

1) Optimal SNR: The optimal SNR for problem P1.1 is
obtained based on convex optimization techniques. To obtain
the optimal SNR, we first ignore the SNR constraints to derive
an ideal SNR solution according to Karush-Kuhn-Tucker
(KKT) conditions. Then the obtained ideal SNR solution
is compared with the SNR threshold in constraint (18c) to
obtain the optimal SNR for problem P1.1. The Lagrange dual
function of objective function (18a) with constraint (18b) is
given as:

L =
M∑

m=1

τm log2(1 + γ′
m

τ0

τm
) − μ(τ0 +

M∑
m=1

τm − 1), (19)

where μ is the Lagrangian multiplier associated with con-
straint (18b). According to KKT conditions, we have

∂L

∂τ0
(τ ∗) =

1
ln 2

M∑
m=1

γ′
m

1 + γm
− μ = 0, (20a)

∂L

∂τm
(τ ∗) =

1
ln 2

(
ln (1 + γm) − γm

1 + γm

)
− μ = 0,

(20b)

where γm = γ′
m

τ0
τm

. By combining Eq. (20a) with Eq. (20b)
and eliminating variable μ, we have

f(γm) =
M∑
i=1

γ′
i

1 + γi
, ∀m = 1, 2, · · · , M, (21)

where f(x) = ln(1 + x) − x
1+x , x > 0 is a monotonically

increasing function. Because f(γ1) = · · · = f(γM ), we have
γ1 = · · · = γM = γ̄. Thus, a common SNR γ̄ will
be achieved when the sum throughput is maximized without
considering constraint (18c). With the common SNR, Eq. (21)
can be rewritten as

ln(1 + γ̄) − γ̄

1 + γ̄
=
∑M

i=1 γ′
i

1 + γ̄
, (22a)

⇒
∑M

i=1 γ′
i − 1

1 + γ̄
e

−1+
�M

i=1 γ′
i

1+γ̄ =
(
∑M

i=1 γ′
i − 1)

e
, (22b)

⇒ ω(γ̄)eω(γ̄) =
(
∑M

i=1 γ′
i − 1)

e
, (22c)

where ω(γ̄) =
�M

i=1 γ′
i−1

1+γ̄ . By using the Lambert W function,
the value of ω in Eq. (22c) can be obtained and denoted by
ω∗, then we have

γ̄ =
∑M

i=1 γ′
i − 1

ω∗ − 1. (23)

However, the value of γ̄ may violate constraint (18c). To avoid
the contradiction, the optimal SNR of problem P1.1 can be
expressed as:

γ∗ = max {γ̄, γ0} . (24)

Lemma 1: γ1 = γ2 = · · · = γM holds when the optimal
TA solution of problem P1.1 is achieved.

Proof: Please refer to Appendix A.
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2) Optimal TA: Substituting the value of obtained optimal
SNR solution into Eq. (15), we have

τm =
γ′

m

γ∗ τ0. (25)

Substituting Eq. (25) into Eq. (18b), we can get the
closed-form expressions of the optimal TA solution as follows:⎧⎪⎪⎨

⎪⎪⎩
τ∗
0 =

γ∗

γ∗ +
∑M

i=1 γ′
i

,

τ∗
m =

γ′
m

γ∗ +
∑M

i=1 γ′
i

, m = 1, 2, · · · , M.
(26)

B. Phase Optimization

The phase solution consists DBF and DBS phase solu-
tions. The DBF phase solution is obtained by applying the
maximum-ratio transmission (MRT) method. The DBS phase
solution can be obtained in centralized or decentralized ways.
Thus, a CA and a DA are designed respectively for the phase
optimization.

After substituting the TA solution in Eq. (26) into P1,
we have

max
ΘT x,ΘDB

∑M
m=1 γ′

m

(
θTx

m ,θDB
m

)
γ∗ +

∑M
m=1 γ′

m

(
θTx

m ,θDB
m

) log2 (1 + γ∗) .

(27)

The above problem can be equivalently changed into a set of
optimization problems to maximize γ′

m, ∀m = 1, 2, · · · , M .
Each of them can be expressed as:

P1.2 : max
θTx

m ,θDB
m

∣∣(gT
dm

Λm + gT
rm

ΦmHmΛm

)
ω′

m

∣∣2
σ2

s.t. − π � θTx
mn � π, ∀n ∈ {1, 2, · · · , N} ,

−π � θDB
mk � π, ∀k ∈ {1, 2, · · · , K} .

(28)

Problem P1.2 is a joint DBF and DBS phase optimization
problem. According to the MRT method, the optimal solution
of θTx

m can be denoted by θTx∗
m = arg

(
ωMRT

m

)
, where ωMRT

m

is the MRT beamforming vector and can be expressed as:

ωMRT
m =

(
gT

dm
Λm + gT

rm
ΦmHmΛm

)H∥∥gT
dm

Λm + gT
rm

ΦmHmΛm

∥∥ . (29)

Substituting θTx∗
m into problem P1.2 and simplifying the

expression, we have

P1.2.1 : max
θDB

m

∥∥gT
dm

Λm + uT
mΨm

∥∥
1
,

s.t. − π � θDB
mk � π, ∀k ∈ {1, 2, · · · , K} ,

(30)

where

Ψm = diag(gT
rm

)HmΛm,

um =
[
ejθDB

m1 , · · · , ejθDB
mk , · · · , ejθDB

mK

]T
. (31)

Algorithm 1 Centralized Algorithm for P1.2

Input: Global CSI,
{
PEH

m1 , · · · , PEH
mN

}
;

Output: The DBS phase vector
(
θDB

m

)∗
and the DBF

phase vector
(
θTx

m

)∗
.

// Backscattering phases optimization

1 Initialize i = 0, θ(i) = 0K×1, δ;

2 γ
′(i)
m = γ′

m(θ(i));
3 while

∣∣∣γ′(i)
m − γ

′(i−1)
m

∣∣∣ � δ do

4 i = i + 1;
5 for k ∈ {1, 2, · · · , K} do

6 Set Θk =
{

θ
(i−1)
k′

}
, ∀k′ �= k;

7 Set a feasible set θtmp ∈ [−π, π];
8 θ

(i)
k = argmax γ′

m(θtmp,Θk);
9 end

10 θ(i) = [θ(i)
1 , · · · , θ

(i)
K ]T ;

11 γ
′(i)
m = γ′

m

(
θ(i)
)

;

12 end

13

(
θDB

m

)∗
= θ(i);

// Transmitting phases optimization
14 Calculate ωMRT

m by using Eq. (29);

15

(
θTx

m

)∗
= arg(ωMRT

m );

16 Return
(
θDB

m

)∗
and

(
θTx

m

)∗
.

To solve the phase optimization problem, we design a CA
and a DA respectively in the following two parts. The CA
is designed to obtain the optimal solution to the problem.
Considering the computational complexity to implement the
CA, a DA is designed to obtain the low-complexity suboptimal
solution with closed-form expressions.

1) Centralized Algorithm: We propose a CA by jointly
applying the one-dimensional search and iterative optimization
to find the optimal DBS phase solution. The expression of
objective function in problem P1.2.1 can be rewritten as:∥∥gT

dm
Λm + uT

mΨm

∥∥
1

=

∥∥∥∥∥∥ejθDB
mk ψmk +

K∑
i=1,i�=k

ejθDB
mi ψmi + gT

dm
Λm

∥∥∥∥∥∥
1

, (32)

whereψmk is the kth row of matrix Ψm. It is observed that the
function of γ′

m(θDB
mk ) is a successive and periodical function

with period 2π over θDB
mk , ∀k ∈ {1, 2, · · · , K}. For a given

initial θDB
m , the value of each θDB

mk , ∀k ∈ {1, 2, · · · , K} can
be updated to maximize γ′

m(θDB
mk ) by using one-dimensional

search method such as Höpfinger golden section search
method [44]. After updating each θDB

mk , ∀k ∈ {1, 2, · · · , K}
in an iteration, the updated θDB

m can be regarded as the initial
value in a new iteration. Finally, iterations stop when a tolerant
error is reached. To summarize, a CA to solve problem P1.2 is
given in Algorithm 1 in detail.
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Fig. 4. The value of γ′
m versus different backscattering phases of two

backscatters.

Fig. 5. The performance comparison between the proposed algorithm and
the conventional gradient algorithm.

Figure 4 shows an iteration of the proposed CA in a
UAV-assisted WPSN with two backscatter nodes. When it is
extended to the case with more than two backscatter nodes,
the phase of a backscatter node is optimized by fixing all the
phases at the other backscatter nodes. Fig. 5 shows the detailed
performance comparison between the proposed CA and the
conventional gradient algorithm to find the optimal solution.
As shown in Fig. 5(a), the proposed algorithm requires fewer
iterations to find the optimal solution than the conventional
gradient algorithm. This observation validates the effectiveness
of the proposed algorithm because it can find the optimal
solution faster than the conventional gradient algorithm. The
average number of iterations required to achieve a desired
tolerant error is shown in Fig. 5(b). It is observed that the
conventional gradient algorithm requires a significantly larger

number of iterations than the proposed algorithm for the case
with a low tolerant error. For the case with a high tolerant
error, the conventional gradient algorithm achieves negligible
improvement in each iteration, which results in the early stop
of iteration and unsatisfactory value of γ′

m. Specifically, The
proposed algorithm can find a better solution as compared to
the conventional gradient algorithm because of the achieved
higher SNR. In addition, the performance of the conventional
gradient algorithm is highly dependent on the step size.2

However, it is difficult to adaptively regulate the step size in
iterations, which results in serious inefficiency. The improper
step size may result in the mismatch or excessive itera-
tions [43]. Instead of utilizing the step size in the conventional
gradient algorithm for computing updated values, the proposed
algorithm directly uses the one-dimensional search to find the
updated value in an iteration. Then, the number of iterations is
effectively decreased compared with the conventional gradient
algorithm.

Computational complexity analysis: The proposed CA is
designed based on iterative optimization and one-dimensional
search methods. Specifically, there are K = (M − 1)N one-
dimensional searches in each iteration, and the computational
complexity of the adopted Höpfinger golden section search
method is O(log(1/ε)), given the solution accuracy ε > 0.
Thus, the computational complexity of the proposed CA
is O(NiteK log(1/ε)), where Nite denotes the number of
iterations before reaching the stopping criteria.

Algorithm implementation: To implement the proposed
CA in the UAV-assisted WPSN, the UAV acts as the central-
ized node to calculate the beamforming vector based on the
global CSI, and then sends the results to sensor nodes. The
CSI is required for executing the algorithm, and such CSI is
reported to the UAV by sensor nodes [22], [45], [46].

2) Decentralized Algorithm: Considering the communica-
tion cost for obtaining global CSI and computational com-
plexity, we design a DA with low complexity. To avoid signal
cancellation of received signals at the UAV, we aim to design
the DA to make the phases of received signals at the UAV
from direct links and indirect links the same, i.e.,

arg(gT
dm

Λm) = arg(umΨm). (33)

For simplicity, we consider that arg(gT
dm

Λm) =
arg(umΨm) = [0, · · · , 0, · · · , 0]N×1. To achieve that,
the transmitting phase at sensor node Smn can be expressed
as

θTx∗
mn = arg(hH

mn) = − arg(hmn). (34)

According to Eq. (11), the transmitted signal at sensor node
Smn can be expressed as:

x∗
mn =

√
Emn

τmT
ejθTx∗

mn sm =
τ0

τm

√
PEH

mn ejθTx∗
mn sm. (35)

To compute the backscattering phase by using the DA,
backscatter node k requires the phase information of the

2An iteration in the conventional gradient algorithm can be expressed by
θ1 = θ0 + αΔθ, where θ1, θ0, Δθ, and α denote the updated value, initial
value, gradient at the initial value and step size, respectively.
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Algorithm 2 Decentralized Algorithm for P1.2

Input: Local CSI,
{
PEH

m1 , · · · , PEH
mN

}
;

Output: The DBS phase vector
(
θDB

m

)∗
and the DBF

phase vector
(
θTx

m

)∗
.

// Transmitting phases optimization
1 for each n ∈ {1, · · · , N} do
2 θTx

mn = − arg(hmn);
3 end

4

(
θTx

m

)∗
= [θTx

m1, · · · , θTx
mN ]T ;

// Backscattering phases optimization
5 for each k ∈ {1, · · · , K} do
6 ytmp =

∑N
n=1

√
PEH

mn ejθTx
mnhmn,k;

7 θDB
mk = − arg(ytmp) − arg(hak);

8 end

9

(
θDB

m

)∗
= [θDB

m1 , · · · , θDB
mK ]T ;

10 Return
(
θDB

m

)∗
and

(
θTx

m

)∗
.

incident signal and the CSI from itself to the UAV. The incident
signal at backscatter node k can be represented by

y
(k)
in =

τ0

τm

(
N∑

n=1

√
PEH

mn ejθT x∗
mn hmn,k

)
sm, (36)

where hmn,k ∈ C1×1 denotes the channel coefficient from
sensor node Smn to backscatter node k. Since arg(y(k)

in ) =
arg((

∑N
n=1

√
PEH

mn ejθTx∗
mn hmn,k)sm), TA optimization does

not affect the computation for optimal backscattering phases.
To maximize the received signal strength at the UAV, backscat-
ter node k adjusts its phase to ensure that the phase of the
received signals at the UAV from arbitrary backscatter node
k is the same as those in direct links. To achieve that, the
backscattering phase at backscatter node k can be expressed
as

θDB∗
mk = arg(y(k)H

in hH
ak) = − arg(y(k)

in ) − arg(hak), (37)

where hak ∈ C1×1 is the channel coefficient from backscatter
node k to the UAV.

To achieve the above distributed optimization, a DA is given
in Algorithm 2 in detail.

Computational complexity analysis: The computational
complexity of the proposed DA can be shown to be O(1)
since the DBF and DBS solution is derived in closed-form
expressions, i.e., (34) and (37).

Algorithm implementation: To implement the proposed
DA, the UAV first broadcasts a pilot signal, and the channel
estimation is completed at each sensor node Smn to obtain
the knowledge of arg(hmn). In addition, backscatter node k
obtains the knowledge of arg(hak) at the same time. With
the knowledge of arg(hmn), sensor node Smn can compute
the transmitting phase θTx∗

mn based on Eq. (34). Meanwhile,
backscatter node k performs incident signal estimation and
get the knowledge of arg(y(k)

in ). Then, the backscatter node k
computes the backscattering phase θDB∗

mk based on Eq. (37).

Compared with the CA, the communication cost of the DA
is effectively reduced because there is no need to obtain
the global CSI at the UAV. Thus, there is no need to make
information exchange among sensor nodes.

To this end, the initial optimization problem P1 can be
solved by using our proposed two-step algorithm. Firstly,
the joint DBF and DBS phases are optimized by using the
proposed CA or DA. Based on the obtained phases, the TA
ratios are optimized according to the closed-form expressions
in Eq. (26).

VI. SIMULATION RESULTS

A. Simulation Setup

In this section, extensive simulation results in a
UAV-assisted WPSN with multiple sensor types are provided.
The noise power of AWGN at the receiving antenna is
σ2 = −100 dBm [4]. Sensor nodes are distributed in a
circle with radius Rloc and the locations of sensor nodes
are uniformly distributed. In addition, the UAV is hovering
above the circle center with height DH . In the non-linear
EH model, we have amn = 150, bmn = 0.014, and
MEH

mn = 24 mW, ∀m, n [42]. In the channel model, we have
PLA2G

0 = 32.44 dB, PLFS
0 = 32.42 dB, PLB1

0 = 17.36 dB,
hmin = 10 m and hmax = 300 m [40], [41]. In addition, the
center carrier frequency is set as 915 MHz [31]. Simulation
results are averaged over 10, 000 trials with different channel
fading and sensor nodes’ locations. Based on the obtained
optimal solution in Section V, we compare the proposed
scheme with the following benchmark schemes:

• Equal TA (ETA)-based DBF scheme: In this scheme,
the time for WPT and WIT of each sensor type is
allocated equally, i.e., τm = 1/(M + 1), ∀m =
0, 1, · · · , M . In this case, the received SNR at the UAV
may violate constraint (18c). In addition, only DBF for
direct link transmission is considered, and γ′

m is set to∣∣gT
dm

Λm

∣∣2/σ2.
• Optimal TA (OTA)-based DBF scheme: In this scheme,

the time for WPT and WIT of each sensor type is
allocated based on Eq. (26). In addition, only DBF for
direct link transmission is considered, and the DBF phase
is optimized by using Eq. (34).

• OTA-based DBF scheme with random-phase DBS: In
this scheme, the time for WPT and WIT of each sensor
type is allocated based on Eq. (26). The DBF phase is
optimized by using Eq. (34), and the DBS phase follows
the uniformly random distribution.

B. SNR Performance

According to Lemma 1, the TA optimization in our pro-
posed scheme is able to achieve a common SNR. However,
in schemes without TA optimization, the values of different
γm’s are different because of equal TA and unequal γ′

m. Con-
sidering the communication fairness, the value of min {γm}
is used to represent the SNR performance of schemes without
TA optimization.

Figure 6 shows the impact of the radius of the simulated
area Rloc on the average SNR performance with M = 6,
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Fig. 6. The average SNR performance of different schemes versus the
coverage radius.

Fig. 7. The average SNR performance of different schemes versus the
transmit power of the UAV.

N = 3, Pa = 5 dBW, γ0 = 20 dB, and DH = 20 m. It
is observed that the proposed scheme achieves much higher
SNR performance compared with the OTA-based DBF scheme
with random-phase DBS, whose SNR performance is better
than the OTA-based DBF scheme in the scenario of a small
radius of the simulated area. This observation proves that
the schemes with DBS achieve much higher SNR compared
with those without DBS, especially in the situation of a small
radius. The reason is that the channel gain of G2G channels
drops dramatically with the increase of the radius, which
results in a much lower received signal strength via indirect
links.

Figure 7 shows the impact of the transmit power of the
UAV on the average SNR performance in the UAV-assisted
WPSN with M = 6, N = 3, γ0 = 20 dB, Rloc = 15 m,
and DH = 20 m. It is observed that the schemes with
TA optimization (two OTA-based benchmark schemes and
the proposed scheme) always meet the SNR thresholds, but
the scheme without TA optimization (the ETA-based DBF
scheme) may violate the SNR thresholds when the transmit
power of the UAV is small. In fact, the achievable SNR of

Fig. 8. The average SNR performance of different schemes versus the SNR
threshold.

Fig. 9. The average SNR performance of different schemes versus the number
of sensor types.

type m sensor nodes can be improved by increasing τ0 or
decreasing τm. However, the values of τ0 and τm in schemes
without TA optimization are always fixed which results in the
low SNR performance. With the increase of transmit power,
all schemes are able to satisfy the SNR threshold, but the
proposed scheme can achieve better SNR performance as
compared with benchmark schemes.

Figure 8 shows the impact of the SNR threshold on the
average SNR performance in the UAV-assisted WPSN with
M = 6, N = 3, Pa = 5 dBW, Rloc = 15 m, and DH =
20 m. It is observed that the SNR performance of schemes
with TA optimization (two OTA-based benchmark schemes
and the proposed scheme) increases as the increase of the SNR
threshold. However, the scheme without TA optimization (the
ETA-based DBF scheme) achieves the same SNR performance
under different SNR thresholds. The reason is that the time
allocation in the ETA-based DBF scheme is fixed, resulting in
a fixed received SNR which may violate the SNR threshold.

Figure 9 shows the average SNR performance with different
numbers of sensor types with fixed Pa = 5 dBW. With the
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Fig. 10. The average SNR performance of different schemes versus the UAV
height.

Fig. 11. The average sum-throughput performance of different schemes
versus the coverage radius.

increasing number of sensor types, there are more sensor nodes
acting as backscatter nodes and less time is allocated for the
WIT of each type of sensor nodes. As a result, the transmit
power of sensor nodes increases, and the SNR performance
of the schemes with TA optimization (two OTA-based bench-
mark schemes and the proposed scheme) increases. On the
contrary, for the ETA-based DBF scheme, sensor nodes get
lower transmit power because less time is allocated for WPT,
resulting in lower SNR performance.

Figure 10 shows the impact of the UAV height on the
average SNR performance with M = 6, N = 3, Pa = 5 dBW,
γ0 = 20 dB, and Rloc = 15 m. The average SNR performance
of all schemes drops with the increase of the UAV height, but
the proposed scheme achieves the maximum SNR among all
schemes.

C. Sum-Throughput Performance

Figure 11 shows the impact of the radius of the simulated
area Rloc on the average sum-throughput performance with
M = 6, N = 3, Pa = 5 dBW, γ0 = 20 dB, and DH = 20 m.
To achieve a sum-throughput objective R0 = 6.5 bps/Hz, the

Fig. 12. The average sum-throughput performance of different schemes
versus the SNR threshold.

Fig. 13. The average sum-throughput performance of different schemes
versus the number of sensor types.

proposed scheme can cover the sensor nodes in a circle with
a radius of 17.5 m, while the ETA-based DBF scheme can
only cover a circle with a radius of 9.7 m. Thus, the proposed
scheme improves the coverage effectively.

Figure 12 shows the impact of the SNR threshold on the
average sum-throughput performance with M = 6, N = 3,
Pa = 5 dBW, Rloc = 15 m, and DH = 20 m. It is observed
that the sum-throughput performance of the schemes with
TA optimization (two OTA-based benchmark schemes and
the proposed scheme) drops with the increase of the SNR
threshold. That is because more time is required for WPT
and less time is left for WIT with the increase of the SNR
threshold, resulting in lower sum-throughput performance.

By fixing Rloc = 15 m and Pa = 5 dBW, Fig. 13
shows the average sum-throughput comparison with different
numbers of sensor types. With the increasing number of
sensor types, the number of sensor nodes acting as backscatter
nodes is improved and the superiorities of schemes with DBS
are increasingly obvious. Accordingly, it is observed that
the sum-throughput performance of the proposed scheme is
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Fig. 14. The average sum-throughput performance of different schemes
versus the number of sensor nodes in each sensor type.

Fig. 15. The average sum-throughput performance of different schemes
versus the UAV height.

increasingly better than the OTA-based DBF scheme as the
number of sensor types increases. Also, the TA optimization
is more important with the increase of sensor types because
the time for WIT is divided into more parts. Thus, it is
observed that DBS gains and TA gains are both increasingly
obvious with more sensor types. By comparing the simu-
lation results of the proposed scheme and the ETA-based
DBF scheme, we can see that the proposed scheme effec-
tively improves the sum-throughput performance and shows
its superiorities in scenarios with a large number of sensor
types.

Figure 14 shows the average sum-throughput performance
versus the number of sensor nodes in each sensor type, where
M = 6, Rloc = 15 m, Pa = 5 dBW, γ0 = 20 dB, and DH =
20 m. With the increase of the sensor nodes’ number in each
sensor type, the numbers of sensor nodes for DBS and DBF
both increase. Thus, the improvement of the sum throughput
of all schemes becomes more significant.

As shown in Fig. 15, we further study the average
sum-throughput performance over UAV height DH for
different transmission schemes, where M = 6, N = 3,

Rloc = 15 m, Pa = 5 dBW, and γ0 = 20 dB. It is observed
that the sum throughput of all schemes drops with the increase
of UAV height because of the higher pathloss, but the proposed
scheme still outperforms other schemes with different UAV
heights.

VII. CONCLUSION

In this paper, we have investigated a UAV-assisted WPSN
with multiple types of sensor nodes. A joint distributed
beamforming and backscattering scheme has been designed
to enhance the transmission performance from sensor nodes to
the UAV. A two-step algorithm has been proposed to maximize
the sum throughput. Simulation results have been provided
to demonstrate the superiority of the proposed scheme as
compared to benchmark schemes, especially in scenarios with
a large number of sensor nodes. The proposed transmission
scheme can effectively enhance the long-distance transmission
performance, which is of critical importance for UAV-aided
IoT scenarios. For the future work, we will investigate the
group size optimization problem for distributed beamforming
considering intragroup information synchronization cost.

APPENDIX A
PROOF FOR LEMMA 1

It is assumed that there is an SNR value γm higher than
γi, ∀i ∈ {1, 2, · · · , m − 1, m + 1, · · · , M} when the optimal
TA solution of problem P1.1 is achieved. Since

∂Rm

∂τm
(τm) =

1
ln 2

(
ln
(

1 + γ′
m

τ0

τm

)
− γ′

m
τ0
τm

1 + γ′
m

τ0
τm

)
(38)

is monotonically decreasing over τm and ∂Rm

∂τm
(+∞) = 0,

∂Rm

∂τm
(τm) > 0 holds for τm ∈ (0, 1]. Rm is monotonically

increasing over τm. The above equation can be rewritten as

∂Rm

∂τm
(γm) =

1
ln 2

(
ln (1 + γm) − γm

1 + γm

)
, (39)

where ∂Rm

∂τm
(γm) is monotonically increasing over γm. If there

is an SNR value γm higher than γi, we have

dRm =
∂Rm

∂τm
(γm)dτ < dRi =

∂Ri

∂τi
(γi)dτi. (40)

For a given τ0, the above equation means that the sum
throughput can be improved by saving a small enough time
duration dτ from the sensor nodes of the other sensor types to
the type m sensor nodes for WIT. Then, γm decreases while γi

increases. Finally, all γm, ∀m ∈ {1, 2, · · · , M} will obtain a
common SNR that contradicts the original assumption. To sum
up, the original assumption fails and the proof is complete.
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