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Abstract: Indoor Internet of Things (IoT) is considered as a crucial component of Indus-
try 4.0, enabling devices and machine to communicate and share sensed data leading to
increased efficiency, productivity, and automation. Increased energy efficiency is a sig-
nificant focus within Industry 4.0, as it offers numerous benefits. To support this focus,
we developed a hybrid switching mechanism to switch between energy harvesting tech-
niques, ambient backscattering and Simultaneous Wireless Information and Power Transfer
(SWIPT), which can be utilized within cooperative communications. To implement the
proposed switching mechanism, we consider an indoor warehouse environment, where the
moving sensor node transmits sensed data to the fixed relay located on the roof, which is
then transmitted to an IoT gateway. The relay is equipped with the proposed switch to ener-
gize its communication capabilities while maintaining the expected quality of service at the
IoT gateway. Simulation results illustrate the improved energy efficiency within the indoor
communication setup while maintaining QoS at varying signal-to-noise (SNR) conditions.

Keywords: simultaneous wireless information and power transfer (SWIPT); ambient backscatter
communication systems (ABCSs); wireless sensor networks; Internet of Things (IoT)

1. Introduction
The Internet of Things (IoT) has emerged as a cornerstone of the Industry 4.0 rev-

olution, transforming industrial operations through real-time monitoring, control, and
optimization [1]. In the context of Industry 4.0, IoT enables the creation of smart factories
where interconnected devices and systems communicate seamlessly, allowing for real-time
monitoring and control of manufacturing processes. These IoT-enabled environments
support the implementation of cyber–physical systems, where industrial machinery and
IoT technologies converge to create highly adaptive and efficient production lines. By
leveraging IoT sensors and actuators throughout the industrial ecosystem, industrial envi-
ronments achieve unprecedented levels of automation, optimize resource allocation, and
implement predictive maintenance strategies, ultimately leading to increased productivity
and reduced operational costs [2–4].

As industrial IoT networks scale up, the number of connected devices and their
associated tasks increases. However, the energy available to these devices is limited due
to their constrained battery capacities and the often remote or hard-to-reach deployment
locations, making frequent battery replacement impractical [5]. This limitation, combined
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with the drive towards zero-energy and self-powered IoT devices, underscores the need for
innovative energy management and harvesting techniques [6,7]. Since data processing and
transmission dominate energy consumption, minimizing overheads and extending battery
life through efficient load balancing is essential for the longevity of industrial networks.
Therefore, energy efficiency remains a dominant factor when establishing IoT networks
within Industry 4.0 [4,8,9].

Among the promising solutions, ambient backscatter communication systems (ABCSs)
and simultaneous wireless information and power transfer (SWIPT) have gained significant
attention. The ABCS allows ultra-low-power communication by reflecting existing RF
signals, eliminating the need for active RF components [10]. This technique is highly
energy-efficient, though it faces limitations in communication range and data rate, with
performance depending on the availability of ambient RF signals. The ABCS operates by
altering the impedance of the antenna in a backscatter device, modulating the phase and
amplitude of the reflected signal, which can then be decoded by a receiver tuned to the
ambient signal. While ABCS is ideal for energy-constrained IoT devices due to its minimal
power consumption, challenges related to limited range, data rate, and dependency on RF
signal strength remain [11].

Conversely, SWIPT enables simultaneous data and power transmission, optimizing
spectrum usage and facilitating zero-energy device development in IoT networks [12].
SWIPT, leveraging electromagnetic waves for dual purposes, allows simultaneous infor-
mation and power transfer, beneficial in areas where direct power sources are impractical.
The two main SWIPT protocols—time switching (TS-SWIPT) and power splitting (PS-
SWIPT)—alternate between energy harvesting (EH) and information decoding (ID) periods,
or split the received signal power for ID and EH in an optimized ratio [13].

In addition to ABCS and SWIPT, other energy harvesting mechanisms such as solar-,
thermal-, and vibration-based methods have been explored to address the energy needs
of IoT devices in industrial applications. Solar energy harvesting is well suited for en-
vironments with ample sunlight, converting solar radiation into usable electrical energy
for IoT nodes [14]. Thermal energy harvesting, which captures waste heat generated in
industrial settings, presents a valuable option for energy recovery in temperature-variant
environments [15]. Additionally, vibration energy harvesting leverages ambient mechanical
vibrations from machinery and equipment, converting them into power suitable for low-
energy IoT devices [16]. Each of these mechanisms has unique advantages and challenges,
depending on environmental conditions and application requirements.

While these alternative mechanisms hold potential, they do not consistently meet the
varying energy demands of IoT devices across dynamic industrial environments. These
energy harvesting methods may offer a more resilient and adaptive energy solution, but
within the context of an industrial environment, the availability of solar or thermal energy
is highly limited, while the IoT devices cannot operate under vibration energy without
disrupting the transmission process. Thus, the development of a suitable EH mecha-
nism within an IoT network requires a clear understanding of the overall potential of the
selected method.

Recent research has explored the potential of combining ABCS and SWIPT to leverage
their respective strengths. Several studies have proposed integrating ABCS and SWIPT in
relay networks. While these approaches show promise in enhancing energy efficiency, they
often rely on fixed configurations that may not adapt well to dynamic industrial environ-
ments. Furthermore, the complexity of implementing both technologies simultaneously
may lead to increased hardware costs and potential reliability issues. These studies have
also focused on optimizing various aspects of combined ABCS-SWIPT systems, such as
power allocation, time scheduling, and antenna configurations [17–19]. While these studies
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provide valuable insights into system performance optimization, they often make simpli-
fying assumptions about channel conditions or network topology that may not hold in
real-world industrial settings. Also, the combination of other transmission techniques, such
as visible light communication with energy harvesting-enabled SWIPT, creates complexities
in the hardware units, making them less feasible and more cost-inefficient [20].

Another strand of research has explored innovative modulation schemes and commu-
nication protocols for hybrid systems [21,22]. These approaches aim to improve spectral
efficiency and energy harvesting capabilities. Yet, many of these proposed schemes require
significant changes to existing hardware and protocols, potentially limiting their practical
applicability in the near term.

Despite these advances, achieving a balance between energy efficiency and data
transmission rate remains a challenge, especially in dynamic and complex industrial
environments. There is a lack of in-depth analysis on how to optimize this balance and
on how to select the optimal approach for different application scenarios. This challenge
is further compounded by the need to ensure that IoT devices can dynamically adapt to
changing energy availability and network demands without compromising performance.

Another aspect that has been studied is the use of systems with dynamic SWIPT ratio
allocation. Although SWIPT offers flexibility in allocating signal power between EH and
information decoding ID, its application in very-low-power environments presents specific
limitations. In such settings, the power received may be insufficient to sustain both EH and
ID simultaneously, even when dynamically adjusting the power split ratio. This limitation is
particularly challenging in industrial environments where IoT devices operate with minimal
power availability and may be reliant on inconsistent or weak RF sources. Additionally,
continuous dynamic adjustments in the power splitting ratio to optimize energy and data
needs can introduce higher processing overhead and complexity, which may be impractical
for devices with limited computational resources. These constraints suggest that in ultra-
low-power conditions, alternative or supplementary energy management techniques might
be necessary to support consistent IoT device functionality [23–25].

To address these gaps, we propose a novel hybrid switching mechanism that dynami-
cally selects between ABCS and SWIPT based on real-time channel conditions and energy
requirements, optimizing for both energy efficiency and data transmission rate across vari-
ous industrial scenarios. Unlike fixed configurations, our system makes adaptive choices
between ABCS and SWIPT modes based on instantaneous environmental factors, allowing
for flexible and optimal performance in diverse contexts. This approach not only enhances
adaptability but also provides a practical framework for making energy–rate trade-offs in
real time, ensuring that IoT devices maintain functionality even under fluctuating network
demands. Additionally, we maintain a strong focus on practical implementation, consid-
ering real-world constraints and challenges specific to industrial IoT deployments. This
ensures that our proposed solution is not only theoretically sound but also feasible in actual
industrial settings.

The structure of this paper is as follows: Section 2 presents the significance and contri-
butions of this study, while Section 3 introduces the system model. The IoT transmission
scheme and the proposed switching algorithm are detailed in Section 4 and Section 5,
respectively. Section 6 evaluates system performance, focusing on data rate and energy
efficiency, Section 7 discusses the trade-off between energy efficiency and data transmission,
and Section 8 discusses the research findings.

2. Motivation and Contribution
With the increasing interest in zero-energy devices, it is time for the concept to be

introduced in practical settings such as warehouses. The use of sensors and wireless
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communication in large-scale warehouses and related relays provide the opportunity to
explore the use of various energy harvesting strategies. We propose a hybrid switch
with decision-making between ABCS and SWIPT for wireless data transfer purposes. It
determines the parameters of the received data signal alongside the energy available in the
battery and switches between SWIPT and ABCS to maintain continued operation.

In large-scale warehouses, the data collection sensor/robots move through the ware-
house, and when the size of the warehouse increases, it is ideal to have a relay to support
the transmission of the gathered data to the required destination. Our switch can be im-
plemented as the relay, and since it operates purely through harvested energy, it can be
placed per the physical requirements without constraints related to the power supply for
the switch.

Considering the advances that can be achieved through the combination of SWIPT
and ABCS towards performance and efficiency improvement, the contributions of this
paper can be summarized as follows:

• Development of an adaptive switching algorithm that optimizes the trade-off between
energy harvesting and data transmission in indoor IoT environments.

• Design of a hybrid relay system capable of seamlessly transitioning between ABCS and
PS-SWIPT modes to maintain quality of service while maximizing energy efficiency.

• Comprehensive performance analysis of the proposed system in a simulated ware-
house environment, demonstrating its superiority over single-mode ABCS or
SWIPT systems.

• Investigation of the system’s behavior under various channel conditions and dis-
tances between nodes, providing insights into its applicability in diverse industrial
IoT scenarios.

3. System Model
We consider an indoor warehouse, where the source node (S) moves along a preas-

signed pathway, and the relay switch (R) is located at the highest reachable point inside
the warehouse, where a direct line-of-sight (LoS) path can be made with S. The destination
node (D) is an IoT receiver that processes the data for the required information. We con-
sider that this system is implemented in a standard warehouse with boxes stored and we
assume that this consideration allows for a better visualization of the real-world warehouse
environment within the simulation.

It is assumed that the data transmission occurs from S to R, and R switches to either
PS-SWIPT or ABCS based on received signal parameters. There is no direct link from S to D
due to severe path loss and obstacles (which would affect the assumption of the simulation
modeling the real-world scenario). For the scope of this system, we consider that there is
no data processing occurring at R, and all processing functions are carried out once the
signal is received at D [26]. The warehouse environment is shown in Figure 1.

3.1. Line-of-Sight Probability

It is assumed that the sensor moves on a preassigned path and would transmit data to
R at random time intervals. Thus, the probability of an LoS existing for the transmission
would depend on the location of the sensor at a given time t1 and the height of the boxes
stored in the path of the signal.

For the calculation of LoS probability, the following assumptions related to the physical
structure of the warehouse are made:

• The stacks are huge and thick and can be assumed as walls;
• The stacks are placed in equal distances;
• The roof is of fixed height h.
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Figure 1. Structure of the indoor warehouse environment.

The warehouse is considered to be of size Ci with dimensions Wi(m)× Li(m)× Hi(m),
and it is assumed that the space between each stack is a rectangular cavity and the system
can be divided into N equal rectangular cavities, with area Si. At a given time, if S and R
are located in the same rectangular cavity, the link is an LoS link. The transmission path
from S through relay node (RN) to the destination node (DN) is shown in Figure 2.

For a link of distance dSR, the horizontal distance between S and R is denoted as d′,
where d′ =

√
d2

SR − h2, and the angle of d′ is expressed as θ. x and y are the distances
from the mid-point of d′ to the sides of lengths L(m) and W(m), respectively. The values
of x, y, and θ are independent, and if U denotes the uniform distribution, x ∼ U

(
0, Li

2
)
,

y ∼ U
(
0, Wi

2
)
, and θ ∼ U

(
0, π

2
)
, the joint probability density function (PDF) f (x, y, θ) is

given as follows:

f (x, y, θ) =

 8
Li Miπ

, (x, y, θ) ∈ A

0, else

where A = {(0 ≤ x < Li
2 ) ∩ (0 ≤ y < Wi

2 ) ∩ (0 ≤ θ < π
2 )}.

For an LoS link to exist in a given rectangular box, the following condition has to
be met: (

x >
d′cosθ

2

)
∩
(

y >
d′sinθ

2

)
.

As presented in [27], the LoS probability changes with the horizontal length of the link
d′, and for simplicity, we assume that in the presented system, this length is always less
than Li. Then, the LoS probability for a single rectangular space is given as follows:

PLoS(d) =


d2−2d(Li+Mi)+Li Miπ

Li Miπ
, if d < Mi

−L2
i +2dMi(

√
1−(Li/d)2−1)

Li Miπ
+ 2Li Mi arcsin(Li/d)

Li Miπ
, if Mi ≤ d < Li

0, otherwise

(1)

In the complete warehouse with N rectangular spaces, the LoS probability can be
found using Equation (2),

PLoS(d′) =
N

∑
i=1

Si

∑N
i=1 Si

Pi,LoS(d′). (2)
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Thus, based on PLoS, the Rician factor can be expressed as follows:

K =
Pi,LoS(d′)

1− Pi,LoS(d′)
. (3)

 

S at t1 

RN 

  

H 

S at t2 

DN 

dsd 

dsr 

 

hmax 

hd 

hr 

drd 

 

Figure 2. Transmission path with S to RN (in red), and RN to DN (in blue) with the positions of each
node. S node changes location with time.

3.2. Channel Gain

The system operates in a Rician fading channel, and the PDF for the channel gain can
be calculated using Equation (4), where A2 is the power of the LoS components and 2σ2 is
the power of the NLoS components.

pR(r) =
r

σ2 · exp
(
− r2 + A2

2σ2

)
· I0

(
Ar
σ2

)
(4)

This can also be written using the Rician factor K as [28]:

K =
A2

2σ2 . (5)

The average envelope of the distribution for R in Equation (4) can be given as
E{R2} = R = A2 + 2σ2; hence, we can rewrite the PDF for the channel distribution as
follows:

PR(r) =
2r(K + 1)

R
exp

(
− K− r2(K + 1)

R

)
I0

(
2r

√
K(K + 1)

R

)
(6)

4. Transmission Through the Switch
Transmission from the switch to the destination occurs either using SWIPT or ABCS,

depending on the energy requirements of the switch and the algorithm proposed in Section 5.
We assume that the system operates under a normal transmission network with packet
transmission from the S to R node and from the R to D node. It adapts BPSK modulation for
SWIPT-based operation.

The transmission power requirements and energy harvesting capabilities differ signifi-
cantly between SWIPT and ABCS modes. SWIPT requires higher transmission power but
offers simultaneous energy harvesting capability, while ABCS provides energy-efficient
transmission through signal reflection but without energy harvesting capability. This fun-
damental difference in power characteristics plays a crucial role in the switch’s operation
and mode selection.
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4.1. SWIPT-Based Transmission

If the switch selects SWIPT, we consider that the system adapts BPSK modulation,
with AWGN noise of 0 mean and variance σ2.

ySR(t) =

√
Pt

SR
dm

SR
h.x(t) + nSR(t).

The system adapts a PS ratio of ρ and the signal components allocated for EH and ID
are given as yEH

SR = (1− ρ)ySR(t) and yID
SR = ρySR(t), respectively.

The SNR of the ID signal at R can be given as:

γRSWIPT =
ρPt

SR|hSR|2

dm
SRσ2

SR
. (7)

And the SNR for the signal received at D for SWIPT mode transmission can be
given using

γDSWIPT =
ρPt

SR|hSR|2|hRD|2

dm
SRdm

RDσ2
SRσ2

RD
. (8)

With linear EH, the amount of energy harvested with the allocated signal component
at R can be given as Equation (9),

EEH =
η(1− ρ)Pt

SR|hSR|2

dm
SR

. (9)

The energy harvesting efficiency η significantly impacts the overall power manage-
ment of the system. When operating in SWIPT mode, the harvested energy must exceed
the power required for transmission (Pt) to maintain sustainable operation. The power
splitting ratio ρ creates a direct trade-off between energy harvesting and data transmission
capabilities—a higher ρ improves the data rate but reduces the harvested energy, while a
lower ρ prioritizes energy harvesting at the cost of a reduced data rate.

4.2. ABCS-Based Transmission

If the switch selects ABCS mode, it operates as a backscatter tag, and the received
signal ySR(t) is reflected to D, and the system adapts a simple OOK modulation technique.
The amount of reflection depends on the reflection coefficient α:

α =
Zl − Zs∗
Zl + Zs

= Aejψ,

where A ∈ [0, 1] is the modulus of the reflection coefficient, and ψ is the phase.
When ySR(t) is the signal received at R, the signal backscattered to D can be given as

follows:

yRD(t) = αySR(t)

= α

√
PSRPRD
dm

SRdm
RD

hSRhRDx(t) + n(t)

The switch is considered to have very little modulation; therefore, we can neglect the
thermal noise from the backscatter tag [29].
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The SNR of the received signal at D in ABCS mode is given as follows:

γDABCS =
A2PSRPRD|hSR|2|hRD|2

dm
SRdm

RDσ2
SRσ2

RD
(10)

The power consumption of ABCS mode is primarily determined by the circuit power
(Pckt) required for reflection operations, which is significantly lower than SWIPT’s transmis-
sion power requirements. The reflection coefficient α affects both the power consumption
and the backscattered signal strength—higher values of α increase the reflected signal
strength but also slightly increase power consumption. This makes ABCS particularly
suitable for scenarios where energy availability is limited but maintaining communication
links is crucial.

5. Operation of the Switch
5.1. Basic Circuitry of the Switch

For the implementation of the switch, we consider standard power harvesting and
transmission specifications suitable for indoor IoT environments. The RF energy harvester
is designed to operate with typical indoor ambient RF power density levels. The harvesting
antenna’s aperture size is selected to maintain reasonable harvesting efficiency while being
practical for warehouse deployment. For power transmission, we utilize standard omnidi-
rectional antennas operating at industrial IoT frequencies, suitable for indoor environments
with multiple reflections. The transmission circuit is designed to operate within standard
indoor wireless transmission power limits.

In SWIPT mode, the power harvesting circuit employs a standard rectenna config-
uration with a matching network designed for optimal power transfer at the operating
frequency. For ABCS operation, the backscatter antenna is designed with a load impedance
that can be switched between two states to achieve amplitude shift keying modulation.
The reflection coefficient α is set as indicated in Table 1, which provides a balance between
reflection efficiency and power consumption.

Table 1. Simulation parameters.

Parameter Value

Length of the warehouse space in meters (L) 6

Width of the warehouse space in meters (M) 6

Height of R in meters 5

Height of D in meters 2

R position in the x,y plane (3.5, 3.5)

D position in the x,y plane (L, M)

P_t (transmission power) 20

pathloss exponent (m) 2

ρ (power splitting ratio for SWIPT) 0.8

σSR, σRD 0.5

A (reflection coefficient for ABCS) 0.5

Hysteresis factor 0.05

Minimum data rate threshold 10

Minimum energy harvesting threshold 10
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5.2. Switch Algorithm

Selection between the two available transmission nodes in the switch is performed
based on the parameters of the received signal YSR(t), and the proposed algorithm for the
selection between ABCS and SWIPT is given in Algorithm 1.

Algorithm 1 Decision-making algorithm for hybrid switch with ABCS and SWIPT

Initialize:
best_scheme← ∅
max_data_rate← 0
hysteresis_ f actor ← HF
min_data_rate_threshold← mindatarate
min_energy_threshold← minenergy
Check if SWIPT meets minimum requirements
if data_rate_RD_SWIPT ≥ min_data_rate_threshold and energy_harvested ≥
min_energy_threshold then

best_scheme← SWIPT
max_data_rate← data_rate_RD_SWIPT

end if
Check if ABCS meets minimum requirements
if data_rate_RD_ABCS ≥ min_data_rate_threshold then

if data_rate_RD_ABCS > max_data_rate× (1 + hysteresis_ f actor) then
best_scheme← ABCS
max_data_rate← data_rate_RD_ABCS

end if
end if
If neither scheme meets minimum requirements, choose the better one
if best_scheme = ∅ then

if data_rate_RD_SWIPT > data_rate_RD_ABCS then
best_scheme← SWIPT

else
best_scheme← ABCS

end if
end if
Tie-breaking mechanism
if |data_rate_RD_SWIPT − data_rate_RD_ABCS| < 1× 10−6 then

if energy_harvested ≥ min_energy_threshold then
best_scheme← SWIPT ▷ Prefer SWIPT if energy harvesting is sufficient

else
best_scheme← ABCS

end if
end if
Additional check for energy requirement in SWIPT
if best_scheme = SWIPT then

energy_required_ f or_transmission← 1
avg_h_RD × path_loss_RD

if energy_harvested < energy_required_ f or_transmission then
best_scheme← ABCS

end if
end if

The algorithm first evaluates if SWIPT meets the minimum requirements for both
data rate and energy harvesting. If these conditions are met, SWIPT is initially selected.
It then assesses ABCS, choosing it if it meets the minimum data rate threshold and offers
a significant improvement over SWIPT, accounting for a hysteresis factor to prevent fre-
quent switching (The hysteresis factor allows a practical difference to be maintained when
selecting between ABCS and SWIPT. Here, ABCS needs to outperform SWIPT by a factor
(HF) determined by the user if both meet the minimum conditions.) In cases where neither
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scheme meets the minimum requirements, the algorithm defaults to the one with a higher
data rate.

A tie-breaking mechanism is implemented for scenarios where SWIPT and ABCS data
rates are nearly identical, preferring SWIPT if sufficient energy can be harvested. As a final
check, if SWIPT is selected, the algorithm verifies that the harvested energy is adequate for
transmission, switching to ABCS if this condition is not met. This approach ensures that the
selected scheme is not only optimal in terms of data rate but also feasible from an energy
perspective, providing a robust and efficient solution for the hybrid switch operation.

The logic flow of the algorithm is shown in the flowchart given in Figure 3 below. The
algorithm evaluates the data rate that can be achieved through SWIPT and ABCS. In cases of
similar data rates that do not meet the minimum threshold, it opts to consider the better data
rate achievable between SWIPT and ABCS. As can be seen from the flowchart, the algorithm
pays higher attention when selecting SWIPT due to the higher energy requirement for
transmission through SWIPT. For specific zero-energy implementations, the use of a less
energy-consuming method is preferred; therefore, the energy consumed by the selected
scheme is considered thoroughly through the switch.

 

Start 

Data rate SWIPT 
≥ Min. Data rate? 

Energy harvested ≥ 
Energy threshold? 

Set Best 
scheme = 

SWIPT. 

Data rate ABCS ≥ 
Min. Data rate? 

Yes Yes 

No 

Set Best 
scheme = 

ABCS. 

No 

Data rate SWIPT – 
Data rate ABCS < 

1 x 10-6 

Data rate SWIPT > 
Data rate ABCS 

No 

Yes No 

Yes 

Energy harvested < 
energy required for 

transmission? 
End 

Yes 

No 

No 

Data rate 

ABCS > data 

rate SWIPT × 

(1 + HF) 

Yes Yes 

No 

Initialization 

ρ – Selectable PS*   

ET – EAI 

 

 

Figure 3. Operational flowchart for the proposed algorithm. * Here, value of PS changes based on
the value assigned by the selectable PS algorithm, and PS selection algorithm operates before the
switching algorithm.
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The data rate and the energy harvesting thresholds are values which entirely depend
on the environmental conditions and the operational conditions expected by the users.
The algorithm, when implemented in the switch, can be initialized with the performance
expected by the user. The data rate requirement in specific IoT networks change, and
in industrial settings, a higher focus may be given to energy harvesting rather than the
data rate. The determination of parameters for data rate and energy are associated with
the transmission environment (availability of a strong LoS), and the required freshness
of data at the D node. For the scope of this paper, we assume that PS ratio optimization
mechanisms available in the present literature are utilized directly [30–32]. The initialization
of the energy threshold (ET) and the PS ratio are automated within the switch, allowing for
less interference from the users. We assume that the PS ratio is initialized using a selectable
PS optimization approach, which allows the users to allow the algorithm to determine the
required PS ratio [33]. For the ET, it is assumed that an energy aware interface (EAI) is
utilized [34]. This approach enhances the automation of the switch and reduces the manual
involvement within the overall operation. This allows the system to be operated based on
a monitoring mechanism that considers the available amount of energy within the battery,
and the energy required for the transmission from R to D nodes. Based on the values
obtained through the EAI, the system is capable of monitoring the energy availability of
the switch and thereby updating the system about the required amount of energy.

The HF represents the priority balance between EH and information transmission in
the system. Expressed as a percentage, HF can be set to a lower value when neither EH nor
information transmission requires precedence. However, the value needs to be adjusted
based on the relative importance given to either energy harvesting or data transmission
requirements in specific applications. For instance, in scenarios where energy harvesting is
critical, a higher HF would ensure the system favors maintaining SWIPT operation when
conditions are suitable. The HF parameter is, however, not initialized by the user or the
system, and it is set as a fixed value within the switch. The calculation of HF required for
the switch is based on the hardware and information requirements and is not considered
within the scope of this work.

To maintain ambiguity and flexibility of the switch operations towards its environment,
we allow the users to provide the required minimum data rate as an input. The switch
provides a data rate scale from 1 to 3, where 1 represents the lowest data rate with a
minimum PS ratio of ρmin for ID, and 3 represents highest data rate with a maximum PS
ratio of ρmax for ID. If the user selects either of these two, the selectable PS ratio mechanism
limits its range of PS towards the lowest or highest ranges, respectively. However, if the
user selects scale 2, this allows the switch to automate the operation, and the data rate
is considered based on the PS ratio obtained by the selectable algorithm and EAI, while
thresholds for the minimum and maximum operations are fed such that the switch would
not operate on either extremes (here, the extremes are when PS ratio is modeled such that
there is no ID or EH components).

Under PS-SWIPT, once the selection is performed through the switch, the system needs
to consider the optimal PS ratio for switching between EH and ID. Under the operational
conditions of the switch, the selection for SWIPT is made if and only if the required
conditions are met, and under a fixed environment, it can be assumed that the conditions
at which the switch selects SWIPT are similar [35]. Thus, a fixed PS ratio is implemented
for the switch, and the initialization of the ratio is to be performed by the user based on the
specific environment under which it is operated. For the scope of this paper, we consider
that PS ratio optimization mechanisms available in the present literature can be directly
adapted [30–32]. The PS ratio is to be selected at the initialization stage of the system
and though this parameter is not required by the algorithm (which is implemented to
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determine between ABCS and SWIPT based on the received signal conditions and expected
performance) , it is required by the switch under operation based on the SWIPT mechanism.

The algorithm operates by utilizing physical layer parameters, specifically the received
signal power and CSI, to determine the optimal transmission mode. During the relay-to-
destination (R to D) transmission phase, the system employs standard packet transmission
protocols. The algorithm’s sole function is mode selection between SWIPT and ABCS, while
actual data transmission follows conventional IoT network protocols. The security and
privacy of the switch and the associated transmission network is considered to be based on
IoT network security features.

Gateways between different nodes can be provided with specific security features, and
shielding practices such as end-to-end encryption algorithms can also be considered [36].
However, this may compromise the computational complexity and the overall energy
requirement of the switch, which would therefore require a careful consideration of the
ideal data security and privacy enhancement technique adapted in the switch.

5.3. Complexity Analysis of the Algorithm

The number of operations of the algorithm T(n) can be given in terms of the input size
n, and it is bounded by a constant c for all n ≥ n0, where n0 ∈ Z≥ 0 . Here, n is defined
as the number of input parameters considered for initialization and T(n) is the number of
operations performed.

We can express T(n) as follows:

T(n) = a1 + a2 + a3 + a4 + a5 + a6, (11)

where a1, a2, a3, a4, a5, and a6 are the numbers of operations for initialization, checking
SWIPT requirements, checking ABCS requirements, choosing between schemes if neither
meets the requirements, tie-breaking mechanism, and additional check for energy require-
ment in SWIPT, respectively. These operations (a1, a2, . . . , a6) consist of a fixed number of
functions, regardless of the input size n; therefore, we can consider each ai as a constant.

Let c = a1 + a2 + a3 + a4 + a5 + a6. Thus, T(n) = c for all n ≥ 0. By the definition
of Big O notation, an algorithm is O(1) if there exist positive constants c and n0 such that
T(n) ≤ c for all n ≥ n0. In the presented algorithm, this inequality holds for all n ≥ 0, with
c being the sum of our constant terms, thus resulting in T(n) ∈ O(1).

6. Simulation Results
This section presents the simulation results obtained to validate the theoretical deriva-

tions, and to determine the requirement of the SWIPT- and ABCS-enabled hybrid switch as
per the values presented in Table 1.

It is considered that S moves through the warehouse floor and transmits data to R
while being at specific locations given in Figure 4. For simplicity, we assume that all the
positions presented in the figure are within the warehouse floor and no walls or other
barriers are present in these specific locations. Also, it is assumed that S stays stationary
while transmitting, and once the transmission is completed, it moves to the next position.

The following simulations of the system are conducted with respect to the x, y co-
ordinates of these transmission points. The results are demonstrated with variations in
x coordinates along specific y coordinates, and for each transmission node, for a better
comparison, we consider transmission using an AF relay model without any EH process,
transmission using ABCS alone with EH, transmission using SWIPT-enabled relay scheme
with EH, and transmission using the proposed algorithm with EH.
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Figure 4. Transmission points of S to R within the warehouse floor (each dot on the plane shows a
transmission point).

6.1. Transmission Through an AF Relay Scheme

For comparison, we consider the operation of the system if R were an amplify-and-
forward relay without any energy harvesting scheme. The SNR of the system for an AF
relay scheme is shown in Figure 5 and the drainage of battery for a single cycle (The
complete transmission of data from S to R, covering all the transmission points identified
in Figure 4, is referred to as a single cycle. The system is assumed to cover one complete
cycle from (0, 1) to (5, 6) by moving along the y-axes and then return to the initial position
while completing the second transmission cycle) of operation is shown in Figure 6.

Figure 5. SNR at R and D when the switch is implemented with an AF Relay system.
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Figure 6. Battery discharge performance during a single cycle of operation with AF relay-based
transmission.

Through an AF relay-based transmission, the system would be capable of maintain-
ing a higher SNR at D through the amplification of the signal, yet the energy require-
ment for amplification process once again creates considerable issues when maintaining
system performance.

The battery drainage model of a Li-ion battery is considered for the study, and within
an approximate 5000 s of transmission, it can be seen that the battery drains approximately
by 70 mAh. If the system were to transmit continuously, this drainage would create a
considerable issue in maintaining the battery charge, since the system shows a drainage
of 0.72% per hour. In the case of the proposed system, the battery losses for a single cycle
as shown in Figure 6 is considerably low since the transmission takes place within a short
time period. This massive drainage occurring through a very short time period also lays
the foundation for the requirement of adapting energy harvesting mechanisms.

The battery performance of the AF relay system demonstrates the inefficiency of using
a simple relay model-based transmission scheme within the indoor environment, especially
when major focus is put on energy efficiency and zero-energy device implementation, as
the requirements of continuing operation with limited battery replacement is hindered in
this case.

6.2. Transmission Using a SWIPT-Enabled Relay

We now consider the operation of R if it were to operate solely through SWIPT. With
SWIPT, the system is capable of harvesting energy while transmitting data to D and addresses
one of the main issues that was identified in the AF-based relay system discussed earlier.

The SNR achieved at D when using SWIPT is presented in Figure 7, and the energy
harvesting capability when using SWIPT exclusively at the relay node for different source
positions in the warehouse plane is shown in Figure 8. The results reveal that energy
harvesting performance varies significantly with source location, achieving maximum
efficiency when the source node is positioned closer to the relay. This spatial dependency
of energy harvesting is particularly evident in the central regions of the warehouse (around
the relay position at (3.5, 3.5)), where harvested energy levels reach their peak values.
However, as the source moves towards the warehouse boundaries, especially at higher y
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coordinates, the harvesting efficiency decreases substantially due to increased path loss
and potential signal degradation. This pattern highlights a key limitation of relying solely
on SWIPT—while it provides excellent energy harvesting capabilities under favorable
conditions, its performance becomes suboptimal when the source–relay distance increases
or when channel conditions deteriorate.

Figure 7. Variation of SNR at D node when when transmitting with SWIPT from R to D.

Figure 8. Variation of Energy harvested at R when using SWIPT for different S locations within the
warehouse.

The energy harvested at R with the SWIPT system allows for a considerable increment
in the system’s energy gain. With the movements of S, the amount of energy harvested
varies, but is still capable of maintaining appreciable performance especially when in
locations where the S node is closer to the R node.

6.3. Transmission Using an ABCS-Enabled Relay

When using a system that operates entirely through the ABCS, the SNR of the signals
received at D for the transmission within the warehouse is given in Figure 9.
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Figure 9. SNR at D if the relay used ABCS for transmission at specific S locations of x and y
coordinates in the warehouse plane given in Figure 4.

Compared to the performance of SWIPT, the SNR performance of ABCS is lower, and
the maximum SNR achieved for the R-D link is approximately 14 dB. High-SNR points are
visible at critical transmission points near the relay when SWIPT is implemented as the
selected methodology in the relay, as can be seen from Figure 7. This is one of the inherent
features of ABCS, since the transmission process relies on the reflection of the received
signal, and the reflection coefficient plays an important role in the received signal SNR.

The lower ranges of SNR for both SWIPT and ABCS take almost equal values, and
the performance of the two systems at these regions can be evaluated using the energy
required for transmission while maintaining an appropriate data rate. ABCS, however,
provides a better opportunity when implementing low-energy transmission, in scenarios
where energy harvesting is not possible.

6.4. Transmission Using Proposed Algorithm

Performance of the proposed algorithm is evaluated in a two-fold approach—the
energy harvested at the switch, and the QoS achieved at the destination. This evaluation
allows us to determine the superiority of the switch with respect to the existing schemes.

6.4.1. QoS at D

The SNR achieved at D for specific x and y locations in the warehouse plane is shown
in Figure 10. The algorithm operates by maintaining a balance between the received signal
conditions to achieve a better data rate as well as to ensure that the energy consumption
through the system is maintained appropriately. We consider that an initially fully charged
battery is used in the system; thus, the algorithm does not have any conditions for the
initial selections, therefore providing a better opportunity to maintain higher performance.

As can be seen from the results, the SWIPT scheme was selected in most cases, and
ABCS was selected only in scenarios where the SNR was considerably low. Since S moves
across the warehouse floor, it is evident that specific locations that are further away from R
result in considerably lower SNR, and in such instances, the additional requirement of the
ability to harvest sufficient energy for transmission plays a major role in determining the
ideal transmission scheme.
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Figure 10. SNR achieved at D when using the proposed algorithm for transmission from R to D.

In instances where the SNR of the signal received at R is considerably low, the ability
to harvest the required amount of energy for transmission is hindered; hence, the algorithm
opts for ABCS to support energy consumption.

The highest performance is shown when S moves along the y = 3 and y = 4 axes,
and this is due to the placement of R at (3.5, 3.5). Maintaining a closer distance between
the S− R link undoubtedly supports the transmission in the R− D link; however, only
the furthermost points of the warehouse show considerably lower SNR values. Better
performances can be seen at the y = 1 and y = 2 axes; however, the lowest performance is
seen at the y = 6 axis.

The drastic decrease in performance, which would be inevitable if the system were to
adopt either ABCS or SWIPT, as well as the massive battery power consumption if the sys-
tem were to rely on another relay model as shown, is significantly mitigated while providing
better performance through the selection between the provided transmission schemes.

6.4.2. Energy Harvesting Performance at R

Energy harvesting is conducted only when the switch selects SWIPT mode for transmis-
sion. The selection is performed based on the amount of energy required for transmission
and the amount of energy harvestable based on the received signal.
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Figure 11 illustrates the comparative energy profiles when using the proposed hybrid
switching algorithm, showing three critical parameters: energy harvested through SWIPT,
periods of no harvesting during ABCS operation, and the required battery contribution.
The results are presented across different y coordinates (y = 1 to y = 6) to demonstrate the
system’s adaptive behavior throughout the warehouse space. In locations where SWIPT
is selected (primarily y = 1 to y = 4), the harvested energy often exceeds 2 J, indicating
efficient energy capture that minimizes battery dependency. Particularly noteworthy is the
algorithm’s intelligent switching behavior—when harvested energy becomes insufficient
for SWIPT operation (as seen in the y = 5 and y = 6 positions), the system automatically
switches to ABCS mode, requiring minimal battery contribution while maintaining com-
munication capability. The algorithm chooses SWIPT as the transmission scheme when the
required energy for transmission is considerably lower, and only in instances where the
system is capable of harvesting energy greater than required. The battery contribution in
instances where SWIPT is selected is, therefore, almost zero, and only in cases where ABCS
is selected does the battery have to provide a higher power for transmission. This allows
us to effectively utilize battery energy and to ensure that the system has the capability to
maintain transmission in a self-sustaining manner.
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Figure 11. Variation of Energy harvested at R when using the proposed algorithm for transmission
at R node.

In cases where ABCS is selected, it can be seen that the system does not harvest any
energy, yet the requirement of energy for transmission is considerably high. This can
be associated with the low quality of the received signal, which thereby requires higher
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transmission power to maintain signal quality. The system focuses not only on energy
harvesting conditions but also on the QoS; therefore, to maintain the data rate at the
expected level, the system has to provide a higher transmission power. In such instances,
the system opts to utilize the energy inherently available in the battery, thereby ensuring
that the QoS at D is not compromised. The least amount of harvested energy is seen when
the sensor is at the farthest position from the switch. Since the transmission occurs in an
indoor environment, this increase in distance increases the path loss and fading, thereby
calling for adaptations to maintain expected performance standards. The inefficiency of
operating solely with a SWIPT-enabled system under low signal conditions is thereby
addressed by the proposed system.

The complementary nature of Figures 8 and 11 demonstrate the advantages of the
hybrid approach over single-mode operation. While Figure 8 shows the limitations of pure
SWIPT operation, Figure 8 reveals how the hybrid system overcomes these limitations
by dynamically switching between modes based on energy availability and requirements.
This adaptive behavior ensures consistent performance across varied warehouse locations
while optimizing energy utilization.

6.5. Power Management Analysis

The power management capability of the proposed switch can be analyzed through
two key aspects: power harvesting efficiency and transmission power requirements. As
demonstrated in Figure 8, SWIPT mode achieves optimal energy harvesting when the
source node is positioned near the relay, with harvesting efficiency decreasing as the source–
relay distance increases. This spatial dependency of energy harvesting directly influences
the switch’s mode selection decision.

Figure 11 further illustrates the system’s power management strategy across different
source locations. When operating in optimal positions (y = 1 to y = 4), the switch pre-
dominantly utilizes SWIPT mode, harvesting sufficient energy (often exceeding 2 J) to
support transmission requirements. However, in challenging positions (y = 5 and y = 6),
where harvesting efficiency decreases, the switch intelligently transitions to ABCS mode to
maintain communication while minimizing power consumption.

The relationship between harvested power and transmission requirements can be
observed through the algorithm’s decision-making process. When the energy harvested
through SWIPT meets the minimum energy threshold requirement, and the data rate
conditions are satisfied, the switch maintains SWIPT operation. In scenarios where these
conditions cannot be met, particularly in positions farther from the relay, the switch tran-
sitions to ABCS mode. This transition reflects the system’s ability to adapt its power
management strategy based on real-time conditions, ensuring efficient operation across
varied warehouse locations while maintaining communication capability.

7. Trade-off Between Energy Efficiency and Data Transmission
The proposed hybrid switch and its associated mechanism achieve a balance between

energy efficiency and data transmission rate through dynamic adaptation based on the
received signal conditions, which changes continuously, at the position of the S node.
The switching decision considers three key factors that determine the optimal operation
mode selection for various application scenarios and conditions. In the simulation results,
the varying environment is modeled using the movement of the S node throughout the
warehouse floor, thereby creating different LoS and NLoS conditions with varied signal
powers at each position.

In situations where energy preservation is critical, such as sensors placed in hard-to-
reach locations, the switch favors ABCS when the received signal strength is adequate, as it
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consumes minimal power while maintaining basic connectivity. This is showcased through
the simulation results by the switch opting for ABCS in scenarios where the received
power is low. Conversely, in applications requiring frequent data updates, like real-time
monitoring, the switch preferentially selects SWIPT when channel conditions permit, as it
offers higher data rates.

Under strong LoS conditions with a direct path between nodes, SWIPT mode achieves
data rates up to

RSWIPT = min(log2(1 + γs), log2(1 + γd)), (12)

while energy harvesting efficiency is given by

ηeh = Prx · ρ, (13)

where γs and γd are the SNRs at the relay and destination, respectively, Prx is the received
power, and ρ is the power splitting ratio. In contrast, under poor LoS conditions with
significant path loss, ABCS mode maintains connectivity with the following data rate:

RABCS = log2(1 + γb), (14)

while consuming minimal energy (Pc ≈ Pckt), where γb is the backscatter SNR and Pckt is
circuit power consumption.

These factors allow us to determine the initialization process of the switch. To main-
tain the balance between energy efficiency management and data transmission, the switch
considers the aspects of data rate requirement selected by the user at the initialization stage
and the real-time energy requirement of the switch using the EAI. If the EAI shows that
the switch has a considerable amount of energy to continue operation, higher precedence
is given towards data transmission by the switch (the prioritization of data transmission
over energy harvesting, unless energy harvesting takes precedence based on EAI readings,
would be performed based on the user requirements provided at the switch initialization
stage). However, if the EAI shows that the amount of energy is not sufficient for overall
hardware functionality, the switch prioritizes energy harvesting. Thereby, a balance be-
tween energy harvesting and data transmission is obtained. Any such alterations would
be adapted based on the real-time operation of the switch, which enhances operational
efficiency. On the other hand, the HF parameter helps maintain balance between energy
harvesting and data efficiency in all scenarios.

When considering application-specific optimization requirements, such as in indoor
warehouse monitoring, periodic sensor readings typically require low data rates, thus
allowing for more focus to be laid on the energy harvesting aspect of the switch. In contrast,
inventory updates may demand higher throughput, necessitating greater focus on the
data rate, with energy harvesting prioritized only when it does not hinder the data rate.
The use of EAI and selectable PS ratio brings the opportunity to initialize the variables
accordingly, thereby achieving the required performance based on the environment, since
the PS ratio is selected based on the signal conditions and the EAI operates based on
the hardware requirements. Further, the adaptive decision-making within the proposed
algorithm originally takes place based on the received signal conditions. This allows for the
decision-making algorithm proposed for the switch to be readily implementable without
any further adjustments. Thus, it can be stated that the manner in which the algorithm
has been developed allows it to be capable of being implemented in any environment or
application without requiring changes within the algorithm, and the changes are to be made
only on the parameter initialization process. However, the switch mechanism proposed
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also allows it to be maintained automatically, thereby requiring very low intervention from
the users.

8. Conclusions and Discussion
The proposed system adapts an integrated SWIPT and ABCS system to improve

overall operational performance within an indoor environment. The main objective of
the system was to develop a decision-making system that would effectively determine
the choice between the two available options while maintaining better performance in
terms of energy harvesting and information transmission. The integration of SWIPT and
ABCS in a hybrid switch offers significant potential for energy efficiency in IoT networks
deployed in warehouses. By leveraging both energy harvesting and passive communication
techniques, the switch reduces dependency on external power sources and enhances
operational autonomy.

The specific selection of ABCS and SWIPT for the switch was also proven suitable due
to the energy harvesting limitations and performance issues that arise when the source
node moves away from the relay. The ideal option in cases where the EH probability is the
lowest was shown to be ABCS; thus, the results show that the usage of this scheme within
the switch allows for continued transmission during the worst conditions. Simulation
results show that a mutual balance between power consumption and recharging of the
system is achieved through the adaptation of the hybrid mechanism.

The moderate to high SNR levels achieved by SWIPT ensure reliable data transmission,
while the energy-efficient nature of ABCS provides a fallback option in challenging signal
conditions. This dual approach enhances the overall robustness and reliability of data
transmission in warehouse IoT networks.

The initialization mechanism in the algorithm, based on aspects such as the hysteresis
factor, minimum required threshold values, and trade-off between energy harvesting and
QoS, allows the switch to adopt a more practical approach.

Within the selected indoor setting, the system performance varied when the transmis-
sion distance from S to R increased. As seen from the simulation results, the proposed
algorithm effectively switched between SWIPT and ABCS based on real-time parameters
such as data rate requirements, energy harvesting capabilities, and SNR conditions. The
switch was successful in ensuring that an appropriate amount of energy was harvested
at R, complying with the requirements of transmission in the R-D link, while making
sure that the quality of service maintained at D was not compromised. The adjustment of
transmission power at R to address the low signal quality demonstrated the capability of
the switch to address the expected performance requirements.

The main advantage of the system is the minimization of the requirement for a di-
rect power source, or continuous battery replacement. The system, since it is capable of
evaluating its own energy utilization and adjusting the transmission mode to suit the
least energy-consuming methodology, offers a far longer battery life than any other energy
harvesting-based or battery-powered relay.

While the simulation results demonstrate the promising performance of the proposed
hybrid switch, future research will focus on experimental validation in real-world environ-
ments. This practical implementation will provide insights into the power consumption
characteristics of the switch and its performance under various environmental conditions.
It would be further interesting to evaluate how the system performance would change
in instances where the destination node changes position as well. Such an adaptation
would further hinder the performance of the system, and requirements in improvements
in the proposed algorithm may be called for, in order to address the Doppler effect and
distance-related issues.
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While the addition of novel transmission methods to the system may be advantageous,
the computational complexity of the switch would be too high, thereby requiring more
power for decision-making. Thus, substituting the proposed transmission mechanisms
with other suitable schemes may deem viable in certain use cases. Practical adaptations of
the switch in indoor industrial environments can support the current expectations of energy
efficiency, and allow us to address the requirement of zero-energy devices. This system
can also be adapted in outdoor settings, where performance evaluation may be different
due to differences in the fading channel and the transmission pathway. Additionally,
future work will explore the adaptability of the switching algorithm under different fading
environments and investigate its application in indoor 6G IoT environments, including
miniature THz environments and network slicing-based transmission schemes.

Future improvements of the switch performance can be included through an addition
of a feedback loop to monitor the real-time SNR of the system and to adjust the power
splitting ratio and/or reflection coefficient accordingly. However, this would require a
more detailed consideration on the algorithm’s complexity, since this will directly affect the
overall run-time and power requirement for switch operation.

This study presently considers the transmission requirements, switch operation, and
other associated features. However, another predominant aspect of the transmission
network that needs to be carefully considered is the security of the wireless network.
Though the scope of this study is limited to the introduction of the switch, future studies
need to consider aspects of data encryption within the switch. The switch can also be
considered within studies exploring advanced security features such as edge devices.

Further, when considering the proposed algorithm, the objective is to determine the
selection between the transmission modes, ABCS and SWIPT, in order to achieve higher
energy efficiency and transmission accuracy while harvesting energy where possible. Thus,
any security features to be embedded within the switch are implemented once the selection
between ABCS and SWIPT has been made. The security features for the transmissions
for ABCS and SWIPT modes may differ as required, thereby providing a more advanced
security system.

Future research should also consider the implementation of an energy-efficient hard-
ware unit for the switch, so that the switch requires less energy for operation. Aspects
such as low-power sensors and electronics should be considered, along with the oper-
ational efficiency of the electronics associated with the switch. This would reduce the
energy requirements for operation, thereby providing a better opportunity to focus on
better transmission.

Based on the simulation results obtained, it can be seen that the switch performance is
ideal in terms of the requirements of the indoor environment in which the switch is located,
the requirements of the zero-energy devices concept, and the adaptation of SWIPT and
ABCS schemes in a practical environment.
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