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Abstract

Battery-free Internet of Things (BF-IoT) terminals driven by energy harvesters
(EHs) work intermittently and cannot stay online continuously, rendering con-
ventional always-on IoT gateways incompatible. Existing BF-IoT gateways are
usually of the “sensor and receiver” type. They rely on a single energy source
and a single wireless protocol, and typically only support uplink communica-
tion. BF-IoT terminals can only serve as data-transmitting sensors, rather than
command-receiving actuators. This work proposes ViPSN-Gateway, a pioneer-
ing energy-aware routing gateway solution which enables uplink, downlink, and
inter-node communication for BF-IoT terminals. A set of mechanisms includ-
ing data forwarding, temporary storage and active data-request are proposed
to match random terminal wake-up behavior, which reduces receiver standby
power by over 99.98%. Its modular design supports multiple low-power proto-
cols such as Bluetooth Low-Energy (BLE) and Enhanced ShockBurst (ESB).
ViPSN-Gateway also supports multiple energy sources. Field tests verify a reli-
able communication range of 50 m. The round-trip latency is less than 1 ms
for ESB and 1–3 s for BLE. Integrated with Home Assistant (HA) via message
queuing telemetry transport (MQTT), the gateway interconnects various BF-IoT
terminals with mainstream commercial smart home ecosystems. These terminals
can work autonomously under the control of HA and ViPSN-Gateway. Featur-
ing ultra-low power consumption, multi-protocol and multi-energy compatibility,
ViPSN-Gateway provides a routing solution tailored for BF-IoT terminals to
enable large-scale, practical BF-IoT deployments.

Keywords: battery-free, smart home, low-power gateway, data exchange,
multi-energy-source, multi-protocol, temporary storage, data-request mechanism
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battery-free terminals; (c) the proposed ViPSN-Gateway solution.

1 Introduction

Internet of Things (IoT) has revolutionized human interaction with surrounding envi-
ronment by connecting various devices to the Internet [1]. This connectivity enables
seamless and convenient interactions between users and devices, allowing for remote
monitoring, controlling, and automation across various applications such as smart
home [2–4], smart city [5], smart agriculture [6–9], safety guard [10–12], health care
[13–15] and human motion detection [16, 17] etc. According to recent statistical data,
global Internet of Things (IoT) market reached USD 805 billion in 2023. It is estimated
to exceed trillion US dollars in 2026 [18].

The most important components of a large-scale IoT ecosystem are numerous IoT
terminals [19–22]. These terminals can not only work as sensors to collect data from
the external environment or users’ input, but also as actuators to carry out commands
from IoT platform. As shown in Fig. 1(a), conventional IoT devices rely on batteries
or wired power; maintaining thousands of such terminals in a large-scale IoT system
incurs heavy labor and deployment costs [23].

2



To solve this problem, as shown in Fig. 1 (b), BF-IoT terminals are introduced.
Despite the advantages of BF-IoT devices powered by EHs, their inherent inter-

mittent operation caused by limited harvested energy creates three critical bottlenecks
in practical deployment.

First, the energy collected by EHs is limited, which restricts the standby dura-
tion of the BF-IoT terminals. Consequently, most EH-based BF-IoT terminals cannot
maintain continuous connectivity, making direct integration with energy-intensive
wireless protocols (e.g., Wi-Fi) impractical. Most commercial smart home platforms
require terminals to remain constantly online and send heartbeat packets periodically.
Restricted by limited harvested energy, BF-IoT terminals cannot sustain continuous
monitoring, and are therefore marked as offline by IoT platforms. Consequently, until
now, most BF-IoT terminals have not been supported by commercial smart home
ecosystems, such as Google Assistant, Apple HomeKit, and Xiaomi Mijia.

Second, existing BF-IoT solutions only support one-way uplink transmission, lack-
ing reliable downlink and inter-node communication. Traditionally, this kind of BF-IoT
terminal can only work as sensors sending data to the host unit, while the host unit
cannot send data back to them. Different devices also can not exchange data. These
limitations restrict the practical application of BF-IoT terminals. Such one-way com-
munication makes it impossible for BF-IoT terminals to execute commands, display
data, or support user interaction.

Third, traditional IoT gateways are not designed for BF-IoT terminals. They
require terminals to remain constantly online and wait for data, yet BF-IoT termi-
nals cannot meet this requirement. Most existing battery-free IoT gateways work as
“sensor-receiver” type. The receiver delivers wireless power to sensors and collects
their feedback data [24], [25], [26]. These gateways only support radio-frequency (RF)-
powered devices. BF-IoT terminals powered by other environmental energy or human
kinetic motion cannot be integrated.

To address these challenges, as shown in Fig. 1 (c), we propose ViPSN-Gateway,
an energy-aware routing gateway dedicated to IoT devices.

A combined temporary storage and active data-request mechanism is adopted
to eliminate standby energy consumption of receivers, while multi-protocol modular
design ensures compatibility with diverse low-power wireless devices and mainstream
smart home ecosystems.

There are three typical kinds of communication requirements, including uplink,
downlink and inter-node communication. We designed three corresponding mecha-
nisms to realize these communication requirements: forwarding, temporary storage
and data-request.

For uplink communication, data packets are directly forwarded to the IoT platform.
For downlink and inter-node communication, since receiver is BF-IoT terminal and
cannot be constantly online, temporary storage and data-request mechanism will be
activated. The gateway can temporarily store data packet if BF-IoT terminal is offline.
When a BF-IoT terminal is online, it will send a data request to the ViPSN-Gateway
and get the temporary stored data.
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ViPSN-Gateway consists of two kinds of modules: communication module (CM)
and Wi-Fi network module (NM). CM is designed to support different low-power com-
munication protocols and realize bidirectional communication with BF-IoT terminals,
each CM supports one protocol. NM is equipped with Wi-Fi connectivity, which allows
it to communicate with the IoT platform via MQTT protocol.

ViPSN-Gateway can be employed in a variety of IoT scenarios, including smart
home, smart agriculture, smart industry and smart healthcare. As an example, an IoT
platform is built based on HA, and BF-IoT terminals are integrated into commercial
smart home ecosystems.

The major contributions of this ViPSN-Gateway design:

• Energy-aware routing for BF-IoT: Aiming at the intermittent operating
characteristic of EH-powered BF-IoT devices, ViPSN-Gateway proposes an energy-
aware routing solution via forwarding, temporary storage and passive data-request
mechanism. Different from conventional continuous channel listening schemes, this
mechanism removes nearly all standby energy consumption on receivers.

• Multi-energy-source compatibility: ViPSN-Gateway provides a unified data
exchange interface supporting multiple energy sources. Unlike conventional radio-
frequency identification (RFID) gateways limited to RF power, ViPSN-Gateway
works with photovoltaic, piezoelectric and motion powered BF-IoT terminals.

• Multi-protocol compatibility: ViPSN-Gateway supports multiple low-power
wireless protocols and adopts a modular structure for easy expansion to accommo-
date more types of BF-IoT devices.

• Smart home ecosystem compatibility: ViPSN-Gateway bridges the connection
gap between BF-IoT networks and commercial smart home ecosystems, enabling
large-scale practical application of BF-IoT devices in smart home scenarios.

This work is organized as follows: Section 2 reviews the related works on routing
gateway, energy harvesting, and battery-free terminals, it also provides a comprehen-
sive comparison between this work and several previous works. Section 3 provides
an overview of the ViPSN-Gateway system. Section 4 analyzes the communication
strategies of ViPSN-Gateway. Section 5 analyzes the power consumption under differ-
ent communication protocols and operating states. Section 6 introduces the hardware
design of ViPSN-Gateway. Section 7 evaluates the performance of ViPSN-Gateway
via latency measurements, field tests, and application experiments. Section 8 explores
potential application scenarios of ViPSN-Gateway. Finally, Section 9 concludes this
work.

2 Related Works

2.1 Routing Gateway

Many previous works already focus on designing a gateway platform for multiple IoT
terminals. However, they are usually based on “sensor-receiver” paradigm. Different
sensor terminals sense environment data and send data back to the corresponding
gateway. In their working process, gateway cannot send data or commands back to
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terminals, different terminals also cannot make data exchange. These disadvantages
restrict the application of IoT terminals.

For example, in [25], the authors introduced a battery-free RFID sensor architec-
ture for smart home IoT, eliminating distance-related phase ambiguity with a SAW
filter and three-port structure. Powered by harvested RF energy, the sensor changes
the phase of the reflected RFID signal based on the sensed parameter. Tests on flood
and temperature sensors show it reaches an effective reading range of 7.9 m. Featuring
low cost and no need for frequent calibration, the design offers a practical solution for
passive wireless sensing in IoT scenarios. However, this system only supports sensor
terminals powered by RF, terminals powered by other sources cannot be integrated.
In addition, this communication is still “sensor-receiver” paradigm; it can only obtain
information from sensors, and downlink communication is not realized.

2.2 IoT Communication Protocols

Many previous works already focused on improving communication procedure of smart
home terminals. Through the optimization of communication protocol designs, the
communication of such devices achieves higher reliability, extended transmission dis-
tance, and reduced energy consumption. Such communication protocols are typically
developed as secondary protocols. They are designed based on fundamental protocols.
These fundamental protocols include RFID [27], [28], LoRa [29], [30], [31], ZigBee
[32], [33] etc. This development approach expands the application scenarios of the
underlying protocols.

For example, in [31], the authors introduce a tree-structured LoRa network which is
designed to enhance energy efficiency for IoT applications. Traditional LoRa networks
often employ a star-structured network, which can lead to significant energy consump-
tion in large-scale networks. The proposed tree-based architecture allows nodes to
act as relays, propagating data from nodes further away from the base station. This
approach not only reduces energy consumption but also extends network coverage and
improves communication reliability.

2.3 Energy Harvesting and Battery-free IoT

Battery-free terminals are developed to relieve the trouble of arranging external wired
power sources and replacing batteries in smart home scenarios. EH refers to technolo-
gies that harvest energy from ambient environment or user’s motion. Ambient energy
EHs are mostly based on wind [7, 34, 35], solar [36–39], temperature difference [40, 41],
triboelectric nanogenerator (TENG) [42, 43], and RF [9, 36, 44, 45]. By adopting dif-
ferent kinds of EH, energy from the ambient environment and human motion can
become the energy sources to power battery-free terminals.

In [22, 46], the authors introduced a basic component structure of battery-free
terminals. This structure consists of four core units: energy generation unit (EGU)
is EHs to generate energy. energy management unit (EMU) can collect and store the
harvested energy, release this energy once sufficient energy is accumulated. energy
user unit (EUU) consists of a low-power system-on-chip (SoC) and sensors to realize
specific function. edge demonstration unit (EDU) is host unit which can make further
execution.
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2.4 Comprehensive Comparison

Table 1 compares this work with several previous works. Previous works on IoT proto-
cols and gateways generally lack bidirectional communication, self-energy harvesting
and multi-protocol compatibility.

3 System Overview

As shown in Fig. 2, to demonstrate the capability of the proposed ViPSN-Gateway,
we connect five representative battery-free terminals to the system, including a self-
powered pushbutton (ViPSN-Button), a self-powered floor tile (ViPSN-Floor), an
environment tag (ViPSN-Tag), an E-ink display module (ViPSN-Eink), and a bistable
solenoid (ViPSN-Solenoid). An IoT platform based on HA is built. We also integrate a
Xiaomi Home desk lamp and a smart speaker which can be controlled by IoT platform
to simulate household appliances being controlled in smart home scenarios.

The terminals selected not only include sensors to collect environment data and
user’s input, but also include actuators to display information and carry out commands
from IoT platform. This design can demonstrate our wide compatibility.

ViPSN-Button is powered by a quasi-static toggling energy harvester (QST-EH)
[50]. It can collect user’s commands. When being pressed, QST-EH will also be pressed.
An energy-buffer spring inside the QST-EH will be pressed when the force applied to it
exceeds a threshold. The spring drives a magnet to reverse its polarity, which induces
current in a coil and generates energy [51]. The ViPSN-Button communicates under
the BLE protocol. Upon being pressed, it broadcasts BLE beacons. After capturing
beacons, ViPSN-Gateway forwards data to the IoT platform, builds a connection,
and transmits an acknowledgment (ACK). If ViPSN-Button receives the ACK, it will
deliver a “Success” instant feedback to user.
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Table 1 Comparison of State-of-the-Art IoT Communication Gateways

Ref. Protocol Latency Distance Bidirect. Comm. Energy-aware Multi-source

[47] RIS - 10 m - - -
[28] RFID 39 ms - ✓ ✓ -
[48] Laser - 2 m - - -
[49] RFID 35.8 ms 3 m ✓ ✓ -
[25] RFID - 7.9 m - ✓ -

This Work BLE & ESB BLE less than 3 s, ESB less than 1 ms 50 m ✓ ✓ ✓
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ViPSN-Floor is a sensor, which is powered by a piezoelectric EH [11]. It can
detect human passage and realize functions such as lighting linkage, security moni-
toring and fall detection. When a pedestrian steps on it, the embedded piezoelectric
plate undergoes deformation and generates electrical energy. Similar to the ViPSN-
Button, the ViPSN-Floor will broadcast BLE beacons after being activated. If the
ViPSN-Gateway detects these beacons, it will forward the beacon data to the IoT
platform. However, the ViPSN-Floor does not have an instant feedback display and
does not receive ACK packets; it only requires single-direction communication with
the ViPSN-Gateway. ViPSN-Floor can monitor pedestrian crossing events, which
enables the realization of automatic light switching and security guard functions.
ViPSN-Button and ViPSN-Floor can demonstrate the uplink communication ability
of ViPSN-Gateway.

ViPSN-Tag is a sensor, which can sense the environment temperature and humid-
ity. The collected data can be utilized by the IoT platform to control household
appliances including air conditioners, dehumidifiers and humidifiers, delivering a com-
fortable living environment for users. It is powered by a photovoltaic (PV) panel,
which can convert indoor light into electrical energy. Electrical energy is stored in an
energy storage capacitor. An electrical energy buffer-release mechanism (EBRM) is
adopted to regulate the energy storage and release processes. Once the capacitor volt-
age reaches the threshold, sufficient energy has been accumulated. The ViPSN-Tag is
then activated. Once activated, it measures the ambient temperature and humidity,
then transmits the sensed data to the ViPSN-Gateway via the 2.4 GHz RF channel
using the ESB protocol. The environmental data sensed from the ViPSN-Tag can be
displayed on ViPSN-Eink display module.

ViPSN-Eink is an actuator, it can display information. It is powered by a PV
panel. Once sufficient energy is accumulated, the ViPSN-Eink module is activated and
sends a data request to the ViPSN-Gateway. ViPSN-Eink can display temperature
and humidity data sensed by the ViPSN-Tag. ViPSN-Tag and ViPSN-Eink can work
together to demonstrate the inter-node communication ability of ViPSN-Gateway.

ViPSN-Solenoid is an actuator, which is powered by PV panel. It can carry out
the actuation commands from the IoT platform. In smart home scenarios, such a
solenoid can drive solenoid valves for water flow control and flue dampers for exhaust
ventilation. When the solenoid coil is energized, it switches the indicator between two
stable mechanical latch states. After the coil is de-energized, the indicator remains
latched in its previously achieved state. ViPSN-Solenoid is capable of displaying binary
on-off information and driving mechanical motions, thereby enabling applications such
as valve actuation and mechanical switch toggling. ViPSN-Solenoid can be used to
demonstrate the downlink communication capability of the ViPSN-Gateway.

4 Communication Strategies

The communication strategy of ViPSN-Gateway is designed to ensure efficient and
reliable data exchange between battery-free terminals, the gateway, and the IoT
platform.
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4.1 Energy-aware Communication Framework

Based on the direction of information flow, communication procedures are catego-
rized into three types: uplink, downlink, and inter-node communication. The complete
communication flowchart is shown in Fig. 3.

4.1.1 Uplink Communication

Uplink communication means that a battery-free terminal uploads data packets to
the IoT platform. The sender is a battery-free terminal and the receiver is the IoT
platform. Since the IoT platform is constantly online, data packets will be directly
forwarded to the IoT platform, no temporary storage is needed.

4.1.2 Downlink Communication

Downlink communication means that the IoT platform sends data packets to battery-
free terminals, the sender is the IoT platform, and the receiver is battery-free terminal.
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4.1.3 Inter-node Communication

Inter-node communication means that two battery-free terminals exchange data
between each other, the sender and receiver are two different battery-free terminals.

Due to the limited energy supply, battery-free terminals are mostly offline.
Therefore, downlink and inter-node communication rely on temporary storage and
data-request mechanism.

4.2 Temporary Storage and Data-Request Mechanism

Traditional communication requires receivers to continuously monitor wireless chan-
nels for real-time packets, which is infeasible for energy-constrained battery-free
terminals.

To solve this problem, we propose a temporary storage and data-request mechanism
for downlink and inter-node communication. Since battery-free receivers stay offline
most of the time, the gateway caches pending packets. When a battery-free terminal
harvests enough energy, it wakes up and sends a data request. ViPSN-Gateway checks
its buffer: matched cached data will be transmitted, otherwise the gateway responds
with an empty ACK packet.

For battery-free terminals communicating under data-request mechanism, they can
remain in sleep mode or even power-off mode during idle periods. In this way, receivers
can achieve near-zero standby power consumption. For this reason, the proposed data-
request mechanism can significantly reduce receivers’ energy consumption compared
with the traditional channel-monitoring mechanism.

Energy consumption experiments of traditional channel-monitoring and the pro-
posed data-request mechanism are conducted in Section 5, which proves that the
proposed scheme cuts receiver power consumption by over 99.98%.

4.3 Data Packet Structure

To make communication procedure more efficient, all battery-free terminals commu-
nicate under the same data packet structure, which includes three parts: device type,
device address, and data packet content. The size of a typical data packet is 4 bytes,
which is shown in Table 2.

4.4 Communication Protocols

ViPSN-Gateway has multi-protocol capability, which can support different kinds of
battery-free terminals. In this work, we evaluated two protocols: BLE and ESB.

4.4.1 BLE

BLE is a low-power Bluetooth protocol developed by Bluetooth SIG [52]. In our
system, ViPSN-Gateway works as the BLE host and battery-free terminals act as
peripherals. Communication procedure is shown in Fig. 4(a), which includes the
following six steps:
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Table 2 battery-free Data Structure and Contents

Data byte 0

Device & operation
Data byte 1

Device address
Data byte 2

Data content byte 0
Data byte 3

Data content byte 1
0x01: ViPSN-Button

Unique device address

Button number byte 0 Button number byte 1
0x02: ViPSN-Tag temperature Temperature data byte 0 Temperature data byte 1
0x03: ViPSN-Tag humidity Humidity data byte 0 Humidity data byte 1
0x04: ViPSN-Floor Floor number byte 0 Floor number byte 1
0x05: ViPSN-Eink data request 0x00 0x00
0x06: ViPSN-Eink data forward Forward data byte 0 Forward data byte 1
0x07: ViPSN-Solenoid data request 0x00 0x00
0x08: ViPSN-Solenoid data forward 0x00 0x00-keep, 0x01-up, 0x02-down
0x88: Empty packet 0x00 0x00
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• Terminal Broadcast and Gateway Scan: battery-free terminals broadcast
identity data (device names, addresses, and other customized data), and ViPSN-
Gateway scans to launch connections.

• Data Forwarding: ViPSN-Gateway directly forwards beacons to the IoT plat-
form for terminals without ACK demands. If ACK is required, ViPSN-Gateway will
execute the following extra steps.

• Connection Setup: ViPSN-Gateway establishes a dedicated connection with the
terminal for subsequent transmission.

• Data Exchange: ViPSN-Gateway sends ACK packet to the battery-free terminal.
If battery-free terminal is requesting data, the ACK packet will include data it is
looking for.

• Communication Finish: After receiving the ACK, the terminal powers off, and
ViPSN-Gateway forwards the collected data to the IoT platform.

4.4.2 ESB

ESB is a fast and low-power protocol developed by Nordic Semiconductor [53]. In
ViPSN-Gateway scenario, battery-free terminals act as primary transmitter (PTX),
and gateway acts as primary receiver (PRX). Communication procedure is shown in
Fig. 4(b), which includes the following four steps:

• Terminal Send: battery-free terminal sends data packets to ViPSN-Gateway.
• Gateway Receive: ViPSN-Gateway receives the data packet.
• ACK Reply: If there is a data request, ViPSN-Gateway will reply it with an ACK

carrying the requested data. If not, an empty ACK will be replied.
• Communication Finish: The terminal powers off after ACK reception, and the

gateway forwards data to the receiver.
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5 Energy Consumption Analysis

We characterized the power consumption of BLE and ESB across multiple working
states to compare their energy efficiency. To test the energy consumption on real
battery-free terminals, we take PV-powered terminal as an example.

Before each test, the PV panel is disconnected from the EMU and energy storage
capacitor voltage Vsto is zero. When test starts, the PV panel is connected to the
EMU, making Vsto rise. Once the voltage reaches the preset threshold, the EBRM
circuit turns on and discharges the stored energy. By tuning the voltage threshold and
the capacitance value, the energy released in a single discharge cycle can be sufficient
for the terminal to complete one full data exchange. By capturing the energy storage
capacitor voltage Vsto, terminal input voltage Vcc and terminal load current icc, we
quantified the energy expenditure of every communication stage.

5.1 BLE

When BLE communication starts, the terminal first sends BLE advertising packets
and waits to be detected by the ViPSN-Gateway for connection establishment. The
power consumption during this phase is 259.6 mW. After a link is set up between the
ViPSN-Gateway and the terminal, data exchange is performed while maintaining the
connection. The power draw for the connected idle state is 263.8 mW. BLE demands
continuous connection retention, resulting in unnecessary substantial energy overhead.
Total energy consumption of a whole communication process is 1.2 to 1.5 mJ.

5.2 ESB

ESB outperforms BLE in terms of simpler protocol stack and lower energy consump-
tion. Energy is only drawn when transmitting packets (TX duration less than 2 ms),
and the radio stays in deep low-power mode otherwise. Each packet transmission
consumes 7-9 µJ, while the standby power is as low as 10.55 µW.

5.3 Data-request Mechanism

Temporary storage and data-request mechanism are proposed to solve the problem
that battery-free terminal cannot maintain constantly online. To verify the energy-
saving performance of the proposed mechanism, the ViPSN-Solenoid was selected as
an example. In this example, the energy consumption of the traditional mechanism
and the proposed mechanism are tested and compared.

As illustrated in Fig. 6(a) and 6(b), traditional mechanism requires terminal to
sustain channel listening via high-speed clocks and 2.4 GHz peripherals during idle
time, leading to high standby power of 45.91 mW.

As shown in Fig. 6(c) and 6(d), our data-request scheme lets the battery-free
terminal stay asleep or fully powered off at idle. During this period, the standby
power is only 8 µW, which can cut power consumption by 99.98% versus traditional
channel-listening mechanism.
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6 Hardware Design

In this section, the hardware design of the ViPSN-Gateway is discussed in detail.
As illustrated in Fig. 2, the ViPSN-Gateway includes two kinds of modules: CM and

NM. CM enables data communication with battery-free terminals through different
wireless protocols.

NM is connected to the IoT platform via Wi-Fi, maintains an always-on status
and forwards data packets between the CMs and the IoT platform using the MQTT
protocol.

To ensure system expandability, the ViPSN-Gateway is designed with multiple
CMs. Each CM supports a specific protocol, which allows for the addition of new
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Fig. 7 Hardware of ViPSN-Gateway.

CMs to support new protocols. Two modules are connected to each other via inter-
integrated circuit (I2C) bus. Each CM is assigned a unique I2C address, which enables
NM to collect data from different CMs.

In our design, the CM utilizes nRF52832 low-power SoC from Nordic Semicon-
ductor [54], which supports BLE and ESB protocols, enabling communication with
a variety of battery-free terminals. For NM, we adopt ESP32-C3 SoC from Espressif
Systems [55], which supports Wi-Fi, MQTT, and I2C bus.

The proposed ViPSN-Gateway hardware is shown in Fig. 7. ViPSN-Gateway is
powered by an external power source to ensure reliable connection to the IoT platform
via MQTT protocol. Two CMs are connected to an NM via I2C protocol. More I2C
ports are reserved for extension.

IoT platform is based on HA, which is executed on a PC virtual machine or Linux
extension board. HA offers compatibility with a wide range of commercial smart home
ecosystems and unifies the control of heterogeneous household appliances.

7 Experiments

7.1 Latency Test

To verify our proposed ViPSN-Gateway communication reliability, we conducted com-
munication latency test. The test was carried out in an unoccupied and obstacle-free
corridor. During the testing process, the ViPSN-Gateway and the battery-free ter-
minal were placed at a fixed separation distance. When the experiment begins, the
terminal transmits a data packet to the gateway and simultaneously sets a TX indica-
tor pin from low to high level. Upon receiving the ACK returned by the gateway, the
terminal will set an ACK indicator pin from low level to high level simultaneously. The
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Fig. 8 Latency experiment result for BLE and ESB protocol. Note that the vertical axis for ESB is
in milliseconds.

latency between two rising edges therefore represents the time required for one com-
plete round-trip exchange; hence, communication latency is measured by capturing
this high-level interval.

As shown in Fig. 8, round-trip latency rises with increasing transmission distance.
For BLE protocol, the communication procedure requires a longer time to complete
due to the need for broadcasting, scanning, and connecting. Typical latency time is
1-3 s.

In contrast, ESB does not require complex broadcasting, scanning, and connecting
procedure, so its round-trip latency is controlled below 1 ms.

7.2 Field Test

To verify our proposed ViPSN-Gateway communication ability, we conducted field
tests. The test environment is the same as that of the communication latency test.
When test begins, battery-free terminal will firstly send a data packet to ViPSN-
Gateway. Then the gateway receives the data packets and responds with an ACK
packet. If a battery-free terminal successfully receives the ACK, communication is
successfully finished. The communication procedure is regarded as failed if the gateway
does not receive the data packet or battery-free terminal does not receive the ACK.

As Fig. 9 shows, communication success rates for both protocols decline with
increasing distance. For BLE protocol, reliable communication distance is 50 m with
92% success rate. For ESB protocol, reliable communication distance can reach 50 m
with 94% success rate.

7.3 Smart Home Application

To demonstrate the proposed ViPSN-Gateway solution for integrating battery-free ter-
minals into the smart home ecosystem, we select Xiaomi Home smart home ecosystem
introduced by Xiaomi as an example.
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Fig. 10 Experimental setup.

The experimental setup is shown in Fig. 10. A demo video is available as a
supplementary material.

8 Potential Application Scenarios

• Smart Home: With the help of ViPSN-Gateway, BF-IoT sensor and actuator
terminals can be integrated into commercial smart home platforms. With the
help of energy-aware routing, terminals can not only make terminals collect user’s
commands but also let terminals execute commands or display information. Battery-
free design can significantly reduce wiring and battery replacement maintenance
costs for smart homes, aligning with the low-carbon development trend of green
IoT. Uploaded data from BF-IoT terminals (including pedestrian flow, tempera-
ture and humidity), combined with cloud-based AI algorithms, can be utilized for
energy-consumption optimization and resident-behavior analysis.
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• Smart Supermarket: E-ink electronic shelf labels are widely adopted in smart
supermarkets to display commodity prices. Conventional electronic shelf labels rely
on built-in batteries that require regular replacement, bringing heavy maintenance
burdens. Leveraging ViPSN-Gateway, shelf labels can be driven by harvested light
energy. Benefiting from the gateway’s bidirectional communication capability, price
information can be updated in real time, and update statuses are synchronously
fed back to the management backend. This mechanism guarantees accurate price
display and drastically cuts maintenance costs.

• Smart Agriculture: The bidirectional communication capability of ViPSN-
Gateway empowers smart agriculture. Relying on the bidirectional communication
ability of ViPSN-Gateway, BF-IoT terminals can not only serve as sensors to
monitor environmental and soil conditions, but also act as actuators to con-
trol electromagnetic valves for automatic irrigation, thus cutting farm labor costs
significantly.

9 Conclusion

This work introduced ViPSN-Gateway, a pioneering energy-aware routing gateway
solution tailored for BF-IoT terminals. With the help of ViPSN-Gateway, flexible
uplink, downlink and inter-node communication can be realized. BF-IoT terminals are
no longer limited to “sensor and receiver” type. They can not only work as sensors to
transmit data to IoT platform, but also can work as actuators to receive and execute
commands. ViPSN-Gateway adopts a hybrid communication mechanisms including
forwarding, temporary storage and active data request. These mechanisms match the
random wake-up feature of energy-harvesting terminals. BF-IoT terminals can request
data when they collect enough energy and online. It reduces the standby power of
receivers by more than 99.98% compared with the traditional continuous channel-
listening schemes. ViPSN-Gateway has a modular I2C-based architecture supports
BLE and ESB protocols, and is compatible with BF-IoT terminals powered by all kinds
of EHs including light, piezoelectric and human kinetic energy sources. Connected to
the HA platform via MQTT, the gateway enables integration of BF-IoT terminals
into commercial smart home ecosystems. Experimental results verify a 50 m reliable
communication range, with round-trip latency of less than 1 ms for ESB and 1–3 s
for BLE. ViPSN-Gateway provides a feasible communication framework and unified a
data packet format for BF-IoT networks, broadening the practical deployment scope
of battery-free IoT systems.
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