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Throughput Optimization in Backscatter-Assisted
Wireless-Powered Underground Sensor Networks for Smart
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A B S T R A C T

Wireless underground sensor networks (WUSNs) using wirelessly-connected buried sensors
enable smart agriculture through real-time soil sensing, timely decision-making, and precise
remote operation. Energy harvesting technology is adopted in WUSNs, implying wireless-
powered underground sensor networks (WPUSNs), to prolong the network lifetime. In addition,
the backscatter communication (BSC) technology seems promising for improving the utilization
of resources and network throughput according to preliminary studies in terrestrial wireless-
powered communication networks. However, this technique has not yet been investigated in
WPUSNs, where channel impairments are incredibly severe. In this work, we aim to assess BSC’s
performance in WPUSNs and evaluate its feasibility for sustainable smart agriculture. For this,
we first conceptualize a multi-user backscatter-assisted WPUSN (BS-WPUSN), where a set of
energy-constrained underground sensors (USs) backscatter and/or harvest the radio frequency
energy emitted by an above-ground power source before the sensed data are transmitted
to a nearby above-ground access point. Then, we formulate the optimal time allocation to
maximize the network throughput while assuring real-world users’ quality of service (QoS).
Our analysis considers the non-linearities of practical energy harvesting circuits and severe
signal attenuation in underground channels. By simulating a realistic farming scenario, we show
that our proposed solution outperforms two baseline schemes, i.e., underground harvest-then-
transmit and underground BSC, by an average of 12% and 358% increase in network throughput
(when USs are buried at 0.35 m), respectively. Additionally, several trade-o�s between the
network throughput, time allocation, network configurations, and underground parameters are
identified to facilitate the practical implementation of BS-WPUSNs.

1. Introduction

Wireless underground sensor networks (WUSNs) consist of wirelessly-connected underground sensors (USs)
deployed, for instance, for smart agriculture [1], underground infrastructure monitoring [2] , environmental monitor-
ing [3], and disaster rescue [4]. Especially, tackling the doubling of food demand by 2050, smart agriculture is adopting
WUSN technology based on accurate in-situ information, timely decision-making, and precise remote operation to
obtain more e�cient crop production while optimizing the workforce and minimizing maintenance costs [5, 6].
However, there are several hurdles to an e�cient implementation of WUSNs for sustainable smart agriculture. They
are mainly related to the communication range and the energy consumption of the USs [7]. For instance, due to the
highly attenuating communication channels, much more energy is required by USs in WUSNs than terrestrial wireless
sensor networks (WSNs) to ensure reliable data transmissions through soils [8]. Furthermore, a long WUSN life must be
achieved in sustainable smart agriculture as it is impractical to periodically replace USs’ battery. To meet these demands
and improve the network throughput, the radio frequency (RF) energy harvesting (EH) technique has been recently
proposed for various sustainable underground applications, leading to a new concept: wireless-powered underground
sensor networks (WPUSNs) [4, 9–11].

In a typical WPUSN, the USs harvest energy from a dedicated power source (PS), where the wireless energy transfer
(WET) technique can be readily applied [12]. Then, they use the harvested energy for delivering the sensed data to
an access point (AP) through wireless information transmission (WIT). This process was originally defined as the
harvest-then-transmit (HTT) protocol, which has rapidly gained interest in the WSNs community, e.g., [13, 14]. Note
that compared with terrestrial wireless-powered communication networks (WPCNs), HTT-based WPUSNs require a
much longer time for harvesting energy before a reliable WIT can be achieved due to the high attenuation introduced
by soils. Thus, urgent information transmission cannot be easily established in WPUSNs, especially when the USs are
far away from the AP. To overcome this challenge, common solutions may include increasing the transmit power of
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the PS and/or adopting multiple antennas technologies [11]. However, these approaches are often bulky, pricey, and
potentially ine�cient for WPUSNs.

On the other hand, the backscatter communication (BSC) technique [15], which allows the devices to communicate
wirelessly without active RF transmissions, may be more appealing. Specifically, the sensors transmit data via reflecting
and modulating the incident RF signals by adapting the level of antenna impedance mismatch to vary the reflection
coe�cient [16, 17]. As no active RF signal generation is required, the BSC technique can be incorporated in WPCNs to
improve the overall network throughput. Furthermore, compared with the two-phase HTT protocol, the BSC technique
can e�ectively reduce communication latency, thus can support urgent data transmission.

Backscatter-assisted WPCNs (BS-WPCNs) have been proposed and evaluated in several terrestrial scenarios. For
instance, the user-specific time allocation that maximizes the total network throughput in a multi-user BS-WPCN
was proposed in [18]. Meanwhile, the time and transmit beamforming that maximizes the throughput of BS-WPCNs
was evaluated in [19] by considering the homogeneous and heterogeneous network scenarios. The authors in [20]
formulated a time and power optimization problem in a multi-carrier BS-WPCN, where a maximum transmit power
constraint at the PS and a minimum circuit power consumption constraint at the devices were considered. To improve
the transmission rate of BSC, the study in [21] developed an optimal time scheduling scheme based on the compressive
spectrum sensing technique to detect ambient RF signals for performing EH or BSC.

Despite extensive e�orts on the resource allocation optimization, most of the existing works ignore the two key
factors for BS-WPCNs. The first is the EH model. Observe that the above studies only consider a simple linear
EH model, implying the received RF power at the device is directly proportional to the input power level. The
measurements in [22, 23] evince that the EH process is, however, non-linear in practice, as described in Section 3.2.1.
As a consequence, the mechanisms that are designed based on the conventional linear EH model would lead to resource
mismatch and performance deterioration in practical BS-WPCNs. Therefore, realistic EH models are compulsory to
evaluate the performance of multi-user BS-WPCNs. The second key factor is the influence of underground soils. The
underground path losses are severely influenced by complex underground soil conditions. For instance, underground
channel conditions change with precipitation-enforced soil moisture throughout the year [7, 8]. Therefore, it remains
unclear whether the introduction of BSC technique to WPUSNs would improve the network throughput.

Our current study is oriented to tackle the above challenges. To the best knowledge of the authors, this study is
the first one to investigate the feasibility and e�ectiveness of BSC technology in WPUSNs. Its main contributions are
summarized as follows:

1. Considering implementation issues, we conceptualize a backscatter-assisted WPUSN (BS-WPUSN) by defining
a sophisticated system model, in which all the USs can not only harvest RF energy from the above-ground PS,
but also backscatter the RF signals to the AP.

2. We formulate an optimization problem to maximize the overall network throughput by properly scheduling the
time required by each US for BSC, WET, and WIT processes. Each US is subject to quality of service (QoS)
constraints specified by a demodulated signal-to-noise ratio (SNR) threshold at the AP. The optimization problem
considers the saturation non-linear EH model [23] which can accurately capture the characteristics of practical
EH circuits. We prove that the resulting problem is convex and exploit the interior-point method to find its
optimal solution.

3. Through simulations of real-world agriculture scenarios, we demonstrate that our proposed model can signifi-
cantly improve the network throughput compared to two baseline solutions: Underground HTT (U-HTT) [9] and
Underground-BSC (U-BSC) [16].

4. The numerical results reveal that the network and underground factors strongly a�ect the time allocation and
network throughput. In some high-attenuation situations, the proposed scheme is switched to the HTT-only
mode owing to the failure of the QoS assurance in the BSC mode. These findings provide a guideline for future
practical design of sustainable smart agriculture.

The remaining part of the paper is organized as follows. Section 2 describes the structure of a BS-WPUSN and the
relevant channel models. Then, Section 3 presents the achievable throughput for the BSC and HTT modes, respectively.
In Section 4, we formulate an optimization problem to maximize the overall network throughput with per-user QoS
assurances, and discuss implementation issues. Finally, we analyze in-situ simulation results in Section 5, and conclude
the paper in Section 6. Table 1 lists and defines the acronyms used throughout the article.
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Table 1
List of Acronyms

Acronym Definition
AP access point
BSC backscatter communication
BS-WPCN backscatter-assisted wireless-powered communication network
BS-WPUSN backscatter-assisted wireless-powered underground sensor network
CDC complex dielectric constant
EH energy harvesting
HTT harvest-then-transmit
MBSDM mineralogy-based soil dielectric model
PS power source
QoS quality of service
RF radio frequency
SNR signal-to-noise ratio
TDMA time division multiple access
UAV unmanned aerial vehicle
U-BSC underground backscatter communication
U-HTT underground harvest-then-transmit
US underground sensor
VWC volumetric water content
WET wireless energy transfer
WIT wireless information transmission
WPCN wireless-powered communication network
WPUSN wireless-powered underground sensor network
WSN wireless sensor network
WUSN wireless underground sensor network

2. System Model

2.1. BS-WPUSNs Structure

We consider a multi-user BS-WPUSNs system for sustainable smart agriculture, which consists of a PS, N
energy-constrained USs, and an AP, as shown in Fig. 1(a). Let l

P2U and d
P2U denote the air and underground soil

propagation distances from the PS to the USs in the downlink, respectively. Similarly, l
U2A and d

U2A represent
the air and underground soil propagation distances from the USs and the AP in the uplink, respectively. Each US,
denoted by U

n
, with n = 1,5 ,N , has an EH module and a backscatter circuit, which leverages the RF signals from

the PS for backscattering information, so that it can adaptively switch between the HTT and the BSC mode, and
correspondingly transmit or backscatter the sensed data to the AP. Notably, the USs cannot work in both HTT and
BSC modes simultaneously [24]. When the HTT mode is adopted, U

n
harvests energy from the RF signals emitted

by the PS, which is subsequently used for WIT. In contrast, when the BSC mode is activated, U
n

utilizes the received
RF signals to transmit the sensed data to the AP via BSC. Herein, we assume that the AP is capable of detecting and
decoding the packet from the modulated BSC signal or triggered by the HTT mode.

A protocol based on time division multiple access (TDMA) is adopted, implying the sequential USs’ operation,
to avoid the interference among USs. The transmission block T is split into WET/BSC and WIT phases as illustrated
in Fig. 1(b). It should be noted that the duration for each transmission block is normalized, i.e., T = 1 s, and both
phases are divided into N time slots. In the n

th time slot of the WET/BSC phase (of duration �
n
), the USs can either

backscatter RF signals to transmit sensed data or harvest energy before performing WIT (with duration ⌧
n
). Note that

if several USs backscatter at the same time, they will cause a potentially uncontrollable backscattering interference
among themselves. Hence, we propose that in WET/BSC period t0, U

n
backscatters signals during its allocated time

duration �
n
, whereas all other USs stay silent and harvest energy from the PS. Thus, the total time for WET to U

n

during the WET/BSC phase is t0 * �
n
. During the WIT period T * t0, the USs use the harvested energy for the active

data transmission. Therefore, � = [�15 �
N
]T and ⌧ = [⌧15 ⌧

N
]T denote respectively the vectors of BSC and WIT

time in the system, as described in Fig. 1(b). To improve the network throughput, we should carefully formulate the
time allocation of both BSC and HTT modes for each node based on the channel state information. Note that the energy
consumption generated by the requesting and receiving processes of the USs is ignored in this study.
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Figure 1: A multi-user BS-WPUSNs system. (a) System model (top). (b) Time block (bottom).

2.2. Channel Model

We model the channels established between the PS and the sensors in the downlink, and between the sensors and
the AP in the uplink. Herein, we adopt the modified Friis-based model developed in [25, 26] to quantify the path losses
in the downlink and uplink. This channel model considers the refraction loss in the air-ground interface and utilizes the
mineralogy-based soil dielectric model (MBSDM), which facilitates an accurate prediction of the complex dielectric
constant (CDC) of soil [27]. In [25, 26], the channel model is validated by in-situ experiments, which revealed a
su�ciently accurate estimate of the attenuation for both links. Therefore, this channel model is applied in Section 2.2.1
and 2.2.2 to accurately quantify the path losses in the proposed BS-WPUSN.

2.2.1. Downlink channels

According to [25, 26], the received signals’ average power at U
n

can be calculated by the Friis equation as

P
n

ru
=

P
P
G
P
G
U
Û

Û

h
d
Û

Û

2

L
n

P2U
, (1)

L
n

P2U = L
n

AG
(l
P 2U )Ln

R*P2UL
n

UG
(d

P2U ), (2)

First Author et al.: Preprint submitted to Elsevier Page 4 of 16



Throughput Optimization in BS-WPUSNs for Smart Agriculture

where P
P

is the transmit power of the PS, h
d

is the small-scale fading coe�cient in the downlink, Ln

P2U comprises
the power losses in the downlink channel, while G

P
and G

U
are the antenna gains at the PS and the USs, respectively.

In this study, we assume the channel coe�cients are perfectly known and/or vary very slowly [28], thus, set h
d


2 = 1
without loss of generality. Later, in Section 4.2, we discuss implementation issues, including the estimation of the
channel coe�cients. Moreover, the power losses come from three sources: the above-ground air attenuation, L

AG
, the

refraction loss at the air-soil interface, L
R*P2U , and the underground soil attenuation, L

UG
, as depicted in Fig. 1(a).

Mathematically, they are modeled as

L
n

AG
(l
P2U ) =

04⇡fl
P2U
c

12
, (3)

L
n

R*P2U
=

`

r

r

r

r

p

u

⇠

˘

"®2 + "®®2 + "®
⇡

_2 + 1

4

a

s

s

s

s

q

2

, (4)

L
n

UG
(d

P2U ) =
0 2�d

P2U
exp(*↵d

P2U )

12
, (5)

where f is the operation frequency and c represents the speed of light in air. In addition, ↵ and � are the attenuation
constant and phase shifting constant, respectively, which are given by

↵ = 2⇡f

y

x

x

x

w

�
r
�0"®"0
2

b

f

f

d

v

1 +
⇠

"®®

"®

⇡2
* 1

c

g

g

e

, (6)

� = 2⇡f

y

x

x

x

w

�
r
�0"®"0
2

b

f

f

d

v

1 +
⇠

"®®

"®

⇡2
+ 1

c

g

g

e

. (7)

Here, �
r

is the soil’s relative permeability, �0 is the free-space permeability, "0 is the free space permittivity, and "
®

and "
®® are the real and imaginary parts of the soil’s CDC, respectively, i.e., " = "

® + j"
®®. The CDC can be calculated

by the MBSDM. Compared with the traditional Peplinski model [29], the MBSDM can provide a more accurate CDC
prediction because it is derived from a larger number of soil samples and considers the presence of free and bound
water in the soil. Furthermore, the MBSDM requires only three input parameters, i.e., the percentage of clay in soils, the
volumetric water content (VWC), and the operating frequency of the electromagnetic signals. The detailed description
of MBSDM can be found in [27].

2.2.2. Uplink channels

The total path losses in the uplink as described in Fig. 1(a), Ln

U2A, includes three parts: the underground path loss,
L
UG

, the refraction loss from soil to air, L
R*U2A and the above-ground path loss, L

AG
. Hence, the average power of

the received signal at the AP is given by

P
n

ra
=

P
U
G
U
G
A
Û

Û

h
u
Û

Û

2

L
n

U2A
, (8)

L
n

U2A = L
n

UG
(d

U2A)Ln

R*U2AL
n

AG
(l
U2A), (9)

where P
U

is the transmit power of U
n
, G

A
is the antenna gain at the AP, and h

u
is the small-scale fading coe�cient in

the uplink. Similar to the downlink, h
u

is assumed normalized in power, i.e., h
u


2 = 1. Moreover, l
U2A denotes the

air path length from the USs to the AP, while d
U2A is the underground propagation path distance from the USs to the

AP. Notably, when the normal incidence of electromagnetic waves propagates from a high-density medium (soil) to a
lower density one (air), most of the energy is refracted. Therefore, we assume that L

R*U2A can be neglected in this
study. Note that (3) and (5) are used to calculate L

n

UG
(d

U2A) and L
n

AG
(l
U2A).
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3. Network Throughput for BSC and HTT Modes

The performance of both, the BSC and HTT modes, influences the total network throughput. Therefore, we analyze
the throughput contributions of both modes as follows.

3.1. BSC Mode

During the �
n

amount of time assigned to U
n

in the BSC mode, U
n

backscatters a fraction ⌘
n

of the received power
to transmit sensed data to the AP in the uplink. Hence, the tranmit power of U

n
, P

U
, in the BSC mode is

P
U
= ⌘

n
P
n

ru
=

⌘
n
P
P
G
P
G
U
h

d


2

L
n

P 2U
. (10)

Then, the SNR at the AP when U
n

backscatters the RF signals, SNR
A*BSC , is given by

SNRn

A*BSC =
P
n

ra

�
2
A

=
⌘
n
P
P
G
P
G

2
U
G
A
h

d


2
h

u


2

L
n

P2UL
n

U2A�
2
A

, (11)

where �
2
A

is the noise power at the AP, and the last step in (11) comes from leveraging (8) and (10). Finally, the
achievable throughput of U

n
in the BSC phase is given by

R
n

B
(bps) = �

n
W log2

�

1 + SNRn

A*BSC
�

= �
n
W log2

H

1 +
⌘
n
P
P
G
P
G

2
U
G
A
h

d


2
h

u


2

L
n

P2UL
n

U2A�
2
A

I

, (12)

where W is the channel bandwidth.

3.2. HTT Mode

3.2.1. Saturation Non-linear EH Model

In previous studies, the energy harvested by U
n

in the HTT mode is typically modelled as directly proportional
to the received RF power, i.e., linear EH model [18, 21]. However, the conventional linear EH model is only suitable
for the case that the received power at the devices is constant. Other than that, it shall be discouraged, especially for a
realistic design of resource allocation algorithms. For real-world underground monitoring applications, we adopt the
practical saturation non-linear EH model proposed in [23] to characterize the e�ciency of the WET at U

n
at di�erent

input power levels. Recent studies have proven that this saturation non-linear EH model can accurately capture the
behavior of practical EH circuits [23, 30].

The energy harvested by U
n

in the HTT mode is

E
n

ru
=

M
n

⇠ 1+exp(AnBn)
1+exp(*An(P n

ru*Bn)) * 1
⇡

exp
�

A
n
B
n

�

�

t0 * �
n

�

, (13)

where M
n

denotes the maximum harvested power at U
n
, i.e., the harvested power at saturation. Constants A

n
and B

n

are correlated with several circuit specifications, such as resistance, capacitance, and circuit sensitivity, while
�

t0 * �
n

�

is the total EH time of each U
n
. In practice, the parameters of M

n
, A

n
and B

n
can be easily obtained by standard curve

fitting because the EH circuit for each U
n

is normally fixed.

3.2.2. Achievable Throughput

In the WIT phase, U
n

consumes all the harvested energy to transmit the sensed data to the AP. Herein, the tranmit
power of U

n
, P

U
, in the HTT mode is

P
U
=

'
n
E

n

ru

⌧
n

, (14)
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where '
n

represents the portion of received energy used for WIT. Note that the remaining (1 * '
n
) portion of

the harvested energy supports the circuit operations. Then, the SNR at the AP when U
n

transmits its sensed data,
SNRn

A*HTT
, is expressed as

SNRn

A*HTT
=

P
n

ra

�
2
A

=
'
n
E

n

ru
G
U
G
A
h

u


2

L
n

U2A�
2
A
⌧
n

, (15)

which comes from leveraging (8) and (14). Observe that (15) can be written as SNRn

A*HTT
= k

n
(t0 * �

n
)_⌧

n
, where

k
n
=

M
n
'
n
G
U
G
A
h

u


2
`

r

r

p

1+exp(AnBn)
1+exp

0

*An

0

PP GP GU hd 
2

L
n

P2U
*Bn

11 * 1
a

s

s

q

L
n

U2A�
2
A
exp

�

A
n
B
n

�
. (16)

Finally, the achievable throughput of U
n

in the WIT phase can be calculated as

R
n

H
(bps) = ⌧

n
W log2

�

1 + SNRn

A*HTT

�

= ⌧
n
W log2

0

1 +
k
n
(t0 * �

n
)

⌧
n

1

. (17)

4. QoS-Aware Sum-Throughout Maximization

In this study, we aim to improve the network throughput of both BSC and HTT modes. This implies more sensor data
can be successfully transmitted to the AP under the same power supply, thus, promoting sustainable smart agriculture.
An inappropriate time duration allocated for BSC, WET, and WIT will worsen the network reliability and lower the
network throughput. Therefore, we manage to find the optimal time allocation (i.e., the optimal time allocation vectors
� and ⌧ as illustrated in Fig. 1(b)) to maximize the network throughput by considering the time constraints and the
QoS requirements.

4.1. Problem Formulation and Solution

In the BSC mode, a backscattered signal is assumed to be correctly demodulated/detected at the AP when
SNRn

A*BSC g � , n = 1,5 ,N , where � represents an SNR threshold. If this premise is not satisfied, we propose
switching to the HTT-only mode. Based on this condition, the QoS-aware sum-throughput maximization problem in
the BS-WPUSN with multiple USs is formulated as

(P1) : max
{�n},{⌧n}

R
sum

=
N
…

n=1

�

R
n

B
+ R

n

H

�

(18a)

s.t. t0 +
N
…

n=1
⌧
n
f 1, (18b)

N
…

n=1
�
n
= t0, (18c)

0 f t0 f 1, (18d)
0 f �

n
f t0, n = 1,5 ,N , (18e)

0 f ⌧
n
f 1 * t0, n = 1,5 ,N , (18f)

SNRn

A*HTT
g � , n = 1,5 ,N , (18g)

where
≥N

n=1R
n

B
is the throughput produced from the BSC mode, which is determined by the time allocation vector

�, while
≥N

n=1R
n

H
is the throughput of the HTT mode, which is a function of the time allocation vectors � and ⌧ .

Furthermore, SNRn

A*HTT
= k

n
(t0 * �

n
)_⌧

n
, (18b)-(18f) correspond to the time constraints and (18g) is the QoS

assurance in the HTT mode.
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We firstly prove that (P1) is a convex optimization problem. Note that Rn

H
is the perspective function of f (t0, �n) =

log2(1+kn(t0*�n)). As the perspective operation preserves concavity, the concavity of Rn

H
can be proved by validating

that f (t0, �n) is a jointly concave function of t0 and �
n
. For this, we find the Hessian matrix of the objective function,

which is given by

H
n
=
4

*1 1
1 *1

5

k
2
n

�

1 + k
n

�

t0 * �
n

��2 ln 2
. (19)

Now, given an arbitrary real vector v = [v1, v2]T, we have

v
T
Hnv = *

k
2
n

�

1 + k
n

�

t0 * �
n

��2 ln 2

�

v1 * v2
�2

f 0. (20)

Then, sinceRn

B
is a linear function of �

n
, we can conclude that the objective functionR

sum
in (18a) is concave as it is the

sum of two concave functions. Meanwhile, (18b)-(18f) are all a�ne and (18g) is equivalent to k
n
(t0 * �

n
) g ⌧

n
� , n À

{1,5 ,N} which is linear. Therefore, (P1) is a convex optimization problem, which can be e�ectively addressed by
adopting the interior-point method [31]. Consequently, we can utilize optimization tools (e.g., CVX [32] and fmincon
function from MATLAB [33]) to solve it. In general, parallel processing/simulation is recommended to speed up the
solution, especially in large-scale setups. In addition, the overall computational complexity of the interior-point method

in this work is O
0

˘

N

✏

1

, where ✏ represents the iterative accuracy.

4.2. Implementation of the Proposed Strategy

In practice, the proposed time allocation for the considered BC-WPUSNs can be implemented as illustrated in
Fig. 2. The system diagram is divided into three segments: (1) ID assignment; (2) time allocation; and (3) BSC/HTT
process.

1. ID assignment: Each US sends a service request to the PS. The PS replies with the assigned US’s ID.
2. Time allocation: The PS sequentially transmits the pilots to the corresponding ID-assigned USs, which

immediately backscatter them to the AP. The AP estimates each composite downlink-uplink channel by the
received pilots before summarizing and forwarding the information of all channels to the PS. The signal
propagation processes of downlink and uplink are illustrated in Fig. 1(a). The PS applies the interior-point
method to solve (P1) based on the received channel state information, which implies computing the optimal time
allocation � = [�15 �

N
]T and ⌧ = [⌧15 ⌧

N
]T with the time constraints and the QoS assurance. After that, the

PS broadcasts the allocation results to the USs. Note that the determination of time allocation is conducted at
the PS. Thus, the USs can save energy and further extend their operation lifetime.

3. BSC/HTT process: Once all USs have received the allocated time duration of BSC, WET and WIT, time
synchronization [34] is executed in the whole system, and then each U

n
sends a request to the PS for triggering

the BSC/HTT process. Upon receiving the request, the PS starts broadcasting the RF signal. As depicted in
Fig. 1(b), under the allocated WET/BSC period t0, the U

n
backscatters the sensed data to the AP during �

n
and

harvests the energy from the PS in the period of t0 * �
n
. Eventually, all USs use energy harvested from the PS

in the downlink to transmit their sensed data to the AP in the uplink via a TDMA scheme.

5. Performance Elevation and Discussion

5.1. Experimental Setup and Configurations

To evaluate the performance of BS-WPUSNs, we choose a realistic center-pivot irrigation farm as our study
scenario, where several USs are equidistantly deployed. To reflect the real performance of our proposed system in
such a study case, we used the in-situ soil characteristics obtained from [35], e.g., clay content of soils, to obtain the
realistic attenuation of PS-to-USs and USs-to-AP, as shown in Fig. 1(a). The system bandwidth is set to 125 kHz and
the carrier frequency to 433 MHz, which are suitable for general underground wireless communications. The isotropic
antennas are adopted in the system and the antenna gains for the PS, U

n
and the AP are all set to 0 dBi. The transmit

power of the PS is 30 dBm, while the horizontal distance from the PS to U
n

is assumed to be 1 m such that enough
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Figure 2: The system diagram of the conceptualized BS-WPUSNs.

power is received at the USs. The AP is 1.5 m above the ground surface to avoid the e�ects of the lateral wave [25]. The
backscatter coe�cient and energy conversion e�ciency are both set to 0.6 [20]. The noise power and the demodulated
SNR threshold at the AP are assumed as *117 dBm and *20 dB, respectively [25]. For the practical EH circuit, we set
M

n
= 9.2 �W which corresponds to the maximum harvested power of U

n
[19]. Besides, A

n
= 150 and B

n
= 0.0014

are obtained by applying a standard curve fitting algorithm to the measurement data provided in [30]. Unless otherwise
specified, the horizontal distance between the USs and the AP is 50 m, the number of USs is 32, the burial depth of
U
n

is 0.35 m and the VWC of the soils is 0.1. The key simulation parameters are summarized in Table 2.

5.2. Benchmark Schemes

We compare our proposed scheme with two well-established solutions:

• U-HTT [9], where the BSC mode does not exist. Here, the first phase of duration t0 is completely devoted to
WET. Meanwhile, the second phase of duration T * t0 is allocated for WIT from the USs. More specifically, U

n

harvests energy from the AP for a duration t0 and then transmits the sensed data within the period ⌧
n

in the WIT
phase.

• U-BSC [16], where the whole time block is divided into equal time slots for performing BSC at each U
n
. There

is no HTT process in this scheme. Interestingly, the performance of such an approach has not been previously
studied in the context of underground wireless network.

It should be noted that the strategy for implementing U-HTT and U-BSC is identical to that outlined in Section 4.2.
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Table 2
Simulation Parameters and Configurations

Parameters Values
hline Carrier center frequency (f) 433 MHz
Bandwidth (W ) 125 kHz
Antenna gains (G

P
,G

U
,G

A
) 0 dBi

Transmit power of the PS (P
P
) 30 dBm

Horizontal distance in the downlink (H
P2U ) 1 m

Horizontal distance in the uplink (H
U2A) var (50 m by default)

AP height (H) 1.5 m
Backscatter coefficient (⌘

n
) 0.6

Energy conversion efficiency ('
n
) 0.6

Noise power at the AP (�
n
) -117 dBm

Demodulated SNR threshold at the AP (�) -20 dB
Number of USs (N) var (32 by default)
Burial depth (d

u
) var (0.35 m by default)

VWC var (0.1 by default)
Clay (C) 38% [35]
Harvested power at saturation (M

n
) 9.2 �W [19]

Fitting parameters of the EH model (A
n
,B

n
) 150, 0.0014 [30]

5.3. Numerical Results and Analysis

5.3.1. Performance Impact of Network Parameters

Herein, we study the impact of two key network parameters, i.e., communication distance and the number of nodes,
on the network throughput and the time allocation for U-HTT, U-BSC and our proposed solution. In a practical smart
agriculture scenario, the USs need to be deployed in di�erent vertical and horizontal positions to collect the local
soil’s information, implying the various communication distances between the USs and the AP. On the other hand,
the deployment scope in agricultural fields and crop type also determines the number of USs should be deployed [1].
To orient for di�erent smart farming applications, it is necessary to investigate the e�ects of these two key network
parameters (i.e., communication range and US’s number) on the performance of our proposed BS-WPUSNs.
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Figure 3: (a) The network throughput (left), and (b) the time allocation (right) of the proposed solution compared to two
benchmark schemes with various US-to-AP horizontal distances.
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Figure 4: (a) The network throughput (left), and (b) the time allocation (right) of the proposed solution compared to two
benchmark schemes with varying the number of USs.

Table 3
Solution Runtime of (P1) under Different Number of USs

Node number 2 4 8 16 32 64 128

Runtime (s) 0.7 0.8 1.1 2.1 5.5 15.5 63.1

Fig. 3(a) depicts the network throughput as a function of the distance from the USs to the AP. Since the power
received by the AP decreases when the propagation range increases, the total network throughput decreases from
564.79 kbps at 25 m to 87.32 kpbs at 200 m. It can be observed that the throughput earnings of our proposed
solution over U-HTT reduces when the distance between the USs and the AP increases. For instance, the network
throughput gain is reduced from 21.35% at 25 m to 7.30% at 200 m. Meanwhile, the network throughput gain by our
proposed solution is increased from 83.32% at 25 m to 616.26% at 200 m, compared with U-BSC. Herein, the di�erent
performance of these two benchmarks stems from the fact that U-HTT sustains a high network throughput, which can
be compensated by assigning more time to WET with the large US-to-AP distance, while the throughput of the BSC
scheme is solely a�ected by the communication distance. Overall, the available network throughput of our proposed
solution can surpass 350 kbps at H

U2A = 50 m, which is better than U-HTT and U-BSC. In addition, Fig. 3(b) displays
the time allocation of the proposed solution for N = 32, C = 38% and VWC = 0.1. Note that as H

U2A increases,
the time duration allocated for the WET/BSC phase increases to ensure the reliable BSC and WIT, i.e., satisfying the
required QoS at the AP.

Fig. 4(a) exhibits the network throughput as a function of the number of USs. First of all, we provide the solution
runtime of (P1) by di�erent number of USs as summarized in Table 3, where the optimization is conducted in a Matlab
R2021b on a Windows 10 platform with Intel Core i7-6820HK 2.7 GHz CPU and 16 GB RAM. As the number of
sensors increases (i.e., the more variables), the runtime increases from 0.7 s to 63.1 s. This computational delay is
acceptable in smart agriculture applications because the underground environment is relatively static, and the VWC
of soils does not vary drastically with time [36]. When more USs are deployed, the overall network throughput for
our proposed solution and U-HTT gets higher, while the overall network throughput of U-BSC remains 135.89 kbps
independently upon the number of nodes. Moreover, since multiple USs can harvest energy simultaneously while they
cannot backscatter information at the same time, our proposed solution tends to allocate more time to the HTT mode
rather than to the BSC mode, as the number of USs increases as shown in Fig. 4(b). In addition, thanks to the high
received power at the USs under this underground parameter configuration and the more time allocated for each US,
U-BSC can provide higher network throughput than U-HTT as the number of USs is less than 4. Noteworthy, in all
cases, our proposed solution outperforms the other schemes in terms of the overall network throughput.
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5.3.2. Performance Impact of Underground Parameters

Herein, we explore the influence of two key underground factors, i.e., burial depth and VWC of the soils, on the
network throughput for U-HTT, U-BSC, and our proposed solution. Dealing with smart agriculture applications, one
needs to consider the fact that the roots of di�erent crops reach di�erent depths [37]. Therefore, the sensors shall
be buried at various depths to monitor soil conditions such as moisture and salinity e�ciently. Hence, it is of great
significance to evaluate the performance of our proposed solution under various burial depths. Similarly, due to the
VWC of soils varying with precipitation or irrigation, we need to investigate the robustness of the proposed system
under various VWCs.

Fig. 5(a) shows the network throughput decreases as the burial depth increases. Burial depth a�ects not only the
power of the backscattered signal at the USs, but also the received signal quality at the AP. For instance, the overall
network throughput of our proposed solution reduces from 1355.00 kbps at d

u
= 0.1 m to 5.64 kbps at d

u
= 0.8 m. On

the other hand, the performance of our proposed solution is noticeably superior to the two other baseline schemes when
the burial depth is shallower than 0.7 m. For example, at the burial depth of 0.35 m (which is suitable for potatoes and
carrots), the proposed solution can realize an average of 12 % and 358% increase in throughput compared to U-HTT
and U-BSC, respectively. Since the QoS assurance cannot be satisfied in the BSC mode at d

u
g 0.7 m, the network

throughput of U-BSC drops to 0, and at the same time, the proposed solution is automatically switched to the HTT-only
mode. Notably, the network throughput of the HTT mode in our proposed solution, i.e., R

H
, increases as the burial

depth increases in the range d
u
f 0.15 m. This observation is explained by the higher throughput gains achieved from

the BSC mode compared to the HTT mode at such shallow depths. It can be further validated by the results of U-BSC
and U-HTT in the range d

u
f 0.15 m. Fig. 5(b) shows the results of the time allocation at various burial depths. One

can see that the time duration allocated for the WET/BSC phase decreases within a depth of 0.25 m and then increases
with depths ranging from 0.25 m to 0.8 m. More specifically, our proposed solution firstly takes more time on the
BSC mode to enhance the overall network throughput at the depth of 0.1 m; then, the time duration allocated for the
WET/BSC phase decreases when the burial depth varies from 0.15 m to 0.25 m because the throughput gain achieved
by the BSC mode significantly reduces. Finally, the USs need more time to ensure the QoS in the BSC mode and
harvest more energy for a reliable WIT at deeper burial depths (d

u
g 0.25 m), thus the time duration assigned for the

WET/BSC phase starts to increase gradually.
Fig. 6(a) displays the network throughput with the soils’ VWC ranging from 0.05 to 0.3. It reveals that our

proposed solution provides a higher overall network throughput than the two other baseline schemes within the range
of VWC f 0.2. For instance, at VWC = 0.1, the network throughput of our proposed solution is increased by 16.83%
and 159.02% compared with U-HTT and U-BSC, respectively. However, the superiority of our proposed solution over
U-HTT is strongly a�ected by the VWC of the soils, especially under high VWC conditions. For instance, the network
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Figure 5: (a) The network throughput (left), and (b) the time allocation (right) of the proposed solution compared to two
benchmark schemes at different burial depths of USs.
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Figure 6: (a) The network throughput (left), and (b) the time allocation (right) of the proposed solution compared to two
benchmark schemes with varying VWC of the soils.

throughput gain is reduced from 22.54% at VWC = 0.05 to 5.56% at VWC = 0.2, while the proposed solution is
switched to the HTT-only mode when the VWC of the soils surpasses 0.2 owing to the unsatisfied QoS requirement
in the BSC mode. A higher VWC of the soils significantly increases the underground signal attenuation, which leads
to a lower received energy in the BSC/WET phase at the USs. Therefore, much higher transmitted power is required
in the BSC mode and HTT mode for the QoS assurance at the AP. Consequently, the time duration allocated for the
WET/BSC phase increases with the VWC of the soils, as shown in Fig. 6(b).

6. Conclusion

Motivated by extending the operation lifetime of WUSNs for sustainable smart agriculture, we advocated
incorporating BSC technology into WPUSNs to improve the network throughput and energy e�ciency. We firstly
proposed and characterized a multi-user BS-WPUSN. Then, we formulated the time allocation that maximizes the
BS-WPUSN throughput while considering a practical non-linear EH model and QoS requirements. Moreover, we
discussed the implementation guidelines for our proposed solution. We performed simulations corresponding to a
realistic farming scenario, and our results revealed that the proposed solution can realize an average of 12 % and 358%
increase in throughput compared to two state-of-the-art benchmark schemes: U-HTT and U-BSC, respectively, when
the sensors are buried at 0.35 m. However, its performance gain is inevitably a�ected by the network conditions (e.g.,
the US-to-AP horizontal distance and the number of USs) as well as the harsh underground environments (e.g., the
burial depth of US and VWC of soils). More specifically, the throughput gain of the proposed approach decreases
with a wider communication range, higher burial depth, and larger VWC. Although more deployed USs can improve
the total network throughput, it leads to longer runtime and more energy required to acquire accurate channel state
information. Nonetheless, we believe the suggested approach is perspective for the small-scale centre-pivot irrigation
farms. Furthermore, our results also revealed the performance interplay between network throughput, time allocation,
network configuration and underground parameters. For instance, the more time allocated for the BSC/WET stage
ensures the QoS assurance for both the BSC and HTT modes in a case of strong soil attenuation. On the other hand,
the time duration allocated for WIT period increases with the number of USs, as the higher throughput gain can be
achieved in the HTT mode compared to the BSC mode. We believe that our preliminary study will pave the way for
deploying environmentally sustainable smart agriculture and facilitate further studies based on this concept.

7. Future Works

The simulations evinced the feasibility of our BS-WPUSN system in sustainable smart agriculture. Meanwhile, the
advocated approach can also be generalized to other sustainable underground scenarios, such as underground pipelines
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and smart seismic quality control. However, there are several potential challenges and future research directions for the
practical deployment of the BS-WPUSN system, especially in the scenarios of massive USs connectivity, large-scale
agricultural fields, and high-VWC underground conditions.

• In smart agriculture applications, the seasonal crop growth cycles should be considered as they will temporarily
a�ect the network connectivity. The field experiments shall be conducted to accurately evaluate the impact of
seasonal crops on the network reliability in future works.

• The maximum transmit power is fixed in this study to overcome the high attenuation of underground soils.
However, due to the dynamic and strong heterogeneity of underground environment, each US features di�erent
path losses and data tra�c demands [11], which has been highlighted in the simulation results of di�erent
communication distances, burial depths, and VWC. Equipping the PS with multiple-antenna is a promising
solution to eliminate the unfair distribution of harvested energy resources and further improve the network
throughput. This allows beamforming techniques to allocate the required proportions of the transmit power
in diverse directions [38]. Therefore, investigating the e�ectiveness of joint time and energy allocation for the
proposed BS-WPUSN by considering diverse data tra�c requirements, i.e., the periodic or Poisson-tra�c for
data transmission, is a prospective research direction for practical smart agriculture applications.

• To facilitate the proposed system in a large farm, one may consider mounting the PS onto agricultural unmanned
aerial vehicles (UAVs) [39], or deploying multiple PSs [40] to cover the whole area. This inspires the study of
the e�ective design of UAV’s trajectory planning and time allocation and the e�cient deployment of multiple
PSs for the proposed BS-WPUSN system.

• Note that we have ignored the energy consumed for signalling purposes throughout our work. However,
broadcasting the pilot beacon for perfect channel state estimation becomes exceptionally costly or impractical
in BS-WPUSNs, especially when powering numerous USs. Therefore, to avoid high energy expenditure, the
uncoordinated WET scheme without channel state information developed in [41, 42] may be a sensible solution
in a massive BS-WPUSNs scenario and will constitute our future research direction.
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