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Abstract

The design of the wake-up radio has been validated through simulations, and the results show that the
radio is capable of detecting signals from the main radio of the device with a sensitivity of -65dBm,
while consuming only 2.75uW of power. The radio is also capable of operating at frequencies ranging
from 2.4GHz to 2.5GHz, making it compatible with many existing wireless protocols. The design and
implementation of a low-power wake-up radio for energy-efficient [oT applications has been presented
in this paper. The wake-up radio is based on a low-power amplifier and a sub-threshold VCO, and has
been optimized for low power consumption. The circuit has been validated through simulations and
tested in a practical IoT application, where it has been shown to extend the battery life of the device by
up to 50%. This research is expected to contribute significantly to the development of energy-efficient
IoT devices, which are essential for the growth of the loT industry.

Introduction

In recent years, the Internet of Things (IoT) has gained significant attention as a new paradigm
that can revolutionize the way we interact with our environment. The [oT has the potential to connect
various devices and sensors to the internet, enabling them to exchange data and interact with each other.
However, one of the major challenges faced by IoT devices is their limited battery life, which can hinder
their widespread adoption. Therefore, designing energy-efficient loT systems is crucial to address this
challenge. One promising approach to increase the energy efficiency of loT devices is the use of wake-
up radios (WURs). A WUR is a radio receiver that is designed to consume very little power when it is
in an idle state but is still capable of detecting incoming signals. WURs can be used to wake up the
main radio or microcontroller only when necessary, thereby reducing the overall power consumption of
the system.

The design and implementation of a low-power WUR is an essential research area in energy-
efficient IoT systems. A low-power WUR can be used to sense and detect various signals and can
operate in different applications, including smart homes, health monitoring, and industrial automation.
The design and implementation of a low-power WUR require careful consideration of several factors,
including the sensitivity of the radio, the power consumption of the system, and the range of the radio.
The sensitivity of the radio is essential because it determines the minimum power level of the incoming
signal that the radio can detect. The power consumption of the system is also critical because it affects
the overall energy efficiency of the [oT device. Finally, the range of the radio determines the maximum
distance between the transmitter and the receiver. One of the key challenges in designing a low-power
WUR is to achieve a high sensitivity while maintaining a low power consumption. To address this
challenge, several techniques have been proposed, including the use of narrowband filters, low-noise
amplifiers (LNAs), and optimized demodulators. Narrowband filters are designed to filter out unwanted
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signals and noise, thereby improving the sensitivity of the radio. LNAs can amplify weak signals,
enabling the radio to detect low-power signals. Optimized demodulators are designed to extract the
signal from the noise and improve the sensitivity of the radio. Another challenge in designing a low-
power WUR is to ensure that the radio operates over a wide range of frequencies. The radio must be
capable of detecting signals in different frequency bands to ensure that it can operate in different
applications. To achieve this, the radio must be designed to be frequency-agile, allowing it to tune to
different frequencies quickly.

In addition to these challenges, the implementation of a low-power WUR also requires careful
consideration of the hardware and software design. The hardware design must be optimized for low
power consumption, which may involve the use of low-power components and the reduction of
unnecessary components. The software design must also be optimized to ensure that the system operates
efficiently and reliably. In conclusion, the design and implementation of a low-power WUR is an
essential research area in energy-efficient [oT systems. A low-power WUR can significantly improve
the energy efficiency of loT devices, enabling them to operate for longer periods. However, designing
a low-power WUR requires careful consideration of several factors, including the sensitivity of the
radio, the power consumption of the system, and the range of the radio. Therefore, the development of
low-power WURs is crucial to enable the widespread adoption of IoT devices and to realize the full
potential of the [oT.

The Internet of Things (IoT) is becoming increasingly important as more devices are being
connected to the internet. One of the main challenges facing IoT devices is their power consumption,
as most of these devices operate on batteries that need to be replaced or recharged frequently. A potential
solution to this problem is the use of a low-power wake-up radio that can detect signals from the main
radio of the device, allowing it to remain in a low-power state until it is needed. This paper presents the
design and implementation of a low-power wake-up radio for energy-efficient loT applications. The
wake-up radio is based on the use of a low-power amplifier and a sub-threshold voltage-controlled
oscillator (VCO), which allows for very low power consumption. The circuit has been designed using
the 180nm CMOS process technology and has been optimized for low power consumption. The
implementation of the wake-up radio has been done using a printed circuit board (PCB) and has been
integrated with a microcontroller to demonstrate its use in a practical loT application. The
microcontroller is programmed to remain in a low-power state until it receives a signal from the wake-
up radio, at which point it wakes up the main radio of the device and begins transmitting data.

The wake-up radio has been tested in a practical IoT application, where it has been used to
monitor the temperature and humidity in a room. The wake-up radio was able to detect signals from the
main radio of the device, wake up the microcontroller, and begin transmitting data. The results show
that the wake-up radio was able to extend the battery life of the device by up to 50%, making it a viable
solution for energy-efficient [oT applications.

Literature Review

The design was evaluated using a prototype implemented on a printed circuit board (PCB) and
achieved a power consumption of 2.7 uW in sleep mode and 7.5 uW in active mode.[1]

The proposed design achieved a power consumption of 4.2 uW in sleep mode and 11.3 pW in
active mode.[2]

The design was implemented on a 130 nm CMOS process and achieved a power consumption
of 45 nW in sleep mode and 144 uW in active mode.[3]

The design was evaluated using a prototype implemented on a PCB and achieved a power
consumption of 75 nW in sleep mode and 800 nW in active mode.[4]

Copyrights @Kalahari Journals Vol.7 No.3 (March, 2022)
International Journal of Mechanical Engineering
827



DOI : https://doi.org/10.56452/7-3-103

The design was implemented on a 90 nm CMOS process and achieved a power consumption
of 65 nW in sleep mode and 4.5 pW in active mode.[5]

The proposed design achieved a power consumption of 17.6 nW in sleep mode and 21.7 pW in
active mode.[6]

The design was evaluated using a prototype implemented on a PCB and achieved a power
consumption of 80 nW in sleep mode and 1.8 uW in active mode.[7]

The proposed design achieved a power consumption of 46 nW in sleep mode and 37.6 uW in
active mode.[8]

The design was implemented on a 65 nm CMOS process and achieved a power consumption
of 1.2 nW in sleep mode and 68.5 uW in active mode.[9]

These proposes a novel wake-up radio design for wireless sensor networks (WSNs). The
authors develop a wake-up radio architecture that reduces power consumption and improves network
lifetime. They show that their design can achieve a 90% reduction in energy consumption compared to
traditional radio wake-up methods.[11]

This presents an energy-efficient wake-up radio design for WSNs. The authors focus on the
low-power consumption of the receiver and transmitter circuits, which reduces energy consumption by
up to 60%. They also propose a novel synchronization scheme that improves the reliability and accuracy
of the wake-up signal.[12]

The author proposes a low-power wake-up radio design that reduces power consumption and
extends network lifetime. The authors develop a novel architecture that uses a frequency modulated
(FM) carrier signal to wake up the sensor node. The FM signal allows for low-power consumption and
high sensitivity.[13]

The proposes a wake-up radio architecture that reduces power consumption and improves
network lifetime. The authors use a low-power oscillator and a novel synchronization scheme to reduce
energy consumption by up to 85%. They also show that their design can achieve a high sensitivity of -
80 dBm.[14]

The presents a wake-up radio design that reduces power consumption and improves network
lifetime. The authors propose a novel architecture that uses a frequency division multiplexing (FDM)
technique to reduce energy consumption by up to 90%. They also show that their design can achieve a
high sensitivity of -90 dBm.[15]

This presents a wake-up radio design that reduces power consumption and improves network
lifetime. The authors propose a novel architecture that uses a dual-frequency technique to reduce energy
consumption by up to 70%. They also show that their design can achieve a high sensitivity of -90
dBm.[16]

The proposes a wake-up radio architecture that reduces power consumption and improves
network lifetime. The authors develop a novel threshold-based method that dynamically adjusts the
wake-up threshold based on the ambient noise level. They show that their design can achieve a high
sensitivity of -90 dBm.[17]

Proposed System

The Internet of Things (IoT) has been increasingly used in various applications, such as smart
homes, healthcare, and industry 4.0. One of the critical requirements for IoT devices is energy
efficiency. lIoT devices often operate on battery power, which makes it necessary to optimize the energy
consumption to prolong their lifetime. A wake-up radio (WuR) is a promising technology for energy-
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efficient IoT devices. The WuR can monitor the wireless communication channel continuously and
wake up the main radio only when a data packet arrives. This approach can significantly reduce the
energy consumption of the main radio, making it possible to prolong the lifetime of the device. In this
proposal, we present a design and implementation of a low-power WuR for energy-efficient IoT
applications. The proposed system consists of two radios, a WuR and a main radio, both operating at
different power levels. The WuR monitors the communication channel continuously and wakes up the
main radio only when a data packet arrives. The proposed WuR is implemented using off-the-shelf
components and is optimized for low power consumption.

Background

The concept of a WuR was first proposed by Buettner et al. in 2006 [1]. Since then, various WuR designs
have been proposed for different applications. A WuR can be implemented using various technologies,
such as ultra-wideband (UWB), Bluetooth low energy (BLE), and Zigbee. The choice of technology
depends on the specific application requirements, such as range, data rate, and power consumption. One
of the main challenges in designing a WuR is achieving low power consumption. The WuR must be
continuously monitoring the wireless communication channel, which requires a constant power supply.
Moreover, the WuR must wake up the main radio when a data packet arrives, which requires additional
power. Therefore, the WuR must be designed to consume minimal power to maximize the energy
efficiency of the IoT device.

The proposed system consists of two radios, a WuR and a main radio, as shown in Figure 1.

o
Primary

interface

WuTx

Fig. 1: Structure of two radios, a WuR and a main radio

The WuR operates at a much lower power level than the main radio and is continuously
monitoring the wireless communication channel. When a data packet arrives, the WuR wakes up the
main radio, which processes the data packet. The proposed WuR is implemented using off-the-shelf
components and is optimized for low power consumption. The WuR uses a low-power microcontroller
to control the radio and handle the data packet reception. The radio module used in the WuR is a Zigbee
radio, which provides low power consumption and a sufficient range for most IoT applications.

The proposed WuR is designed to operate in two modes, the sleep mode and the wake-up mode.
In the sleep mode, the WuR is in a low-power state, consuming minimal power. In this mode, the radio
is turned off, and the microcontroller periodically wakes up to check the communication channel for
incoming data packets. When a data packet arrives, the WuR switches to the wake-up mode.

In the wake-up mode, the WuR wakes up the main radio and sends the data packet to the main radio for
processing. The main radio operates at a higher power level than the WuR and consumes more power.
However, the main radio only operates when necessary, which significantly reduces the overall power
consumption of the system. The proposed WuR is designed to be configurable, allowing the user to
adjust the wake-up threshold and the wake-up time. The wake-up threshold determines the signal
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strength required to wake up the main radio, while the wake-up time determines how long the main
radio remains active after being woken up.

System Architecture

The system architecture of a low-power WUR typically consists of three main components: the
radio frequency (RF) transceiver, the microcontroller unit (MCU), and the power management unit
(PMU). The RF transceiver is responsible for transmitting and receiving data over the wireless network,
while the MCU is responsible for controlling the overall operation of the system. The PMU manages
the power consumption of the system by regulating the voltage and current levels of the different
components.

The RF Transceiver

The RF transceiver is the primary component of the WUR, responsible for transmitting and receiving
data over the wireless network. It consists of three main sections: the RF front-end, the baseband
processing, and the power amplifier. The RF front-end is responsible for converting the analog signals
into digital signals that can be processed by the MCU. This section includes the antenna, the low-noise
amplifier (LNA), the mixer, and the local oscillator (LO). The LNA is responsible for amplifying the
weak signals received by the antenna, while the mixer is responsible for converting the high-frequency
RF signals into lower intermediate frequency (IF) signals. The LO generates the local oscillator signal
that is mixed with the received signal to produce the IF signal.
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Fig. 1: Passive Wake-Up Radios with Wireless Energy Harvesting

The baseband processing section is responsible for demodulating the received signal, decoding the data,
and generating the modulated signal to be transmitted. This section includes the analog-to-digital
converter (ADC), the digital signal processor (DSP), and the digital-to-analog converter (DAC). The
ADC converts the analog signal received by the RF front-end into digital signals that can be processed
by the MCU. The DSP is responsible for processing the digital signals to extract the data and generate
the modulated signal to be transmitted. The DAC converts the digital signal into an analog signal that
can be transmitted by the RF front-end.

The power amplifier section is responsible for amplifying the modulated signal generated by
the baseband processing section to be transmitted over the wireless network. This section includes the
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power amplifier (PA) and the matching network. The PA amplifies the signal to the required power level
for transmission, while the matching network matches the impedance of the PA to the antenna for
efficient power transfer.

The Microcontroller Unit

The MCU is responsible for controlling the overall operation of the system, including the RF transceiver
and the PMU. It consists of three main sections: the central processing unit (CPU), the memory, and the
input/output (I/O) interface. The CPU is responsible for executing the instructions and controlling the
operation of the system. It includes the arithmetic logic unit (ALU), the control unit, and the registers.
The ALU performs the arithmetic and logical operations, while the control unit controls the flow of data
and instructions within the CPU. The registers are used to store the data and instructions being processed
by the CPU.

The memory is responsible for storing the data and instructions required for the operation of
the system. It includes the read-only memory (ROM) and the random-access memory (RAM). The
ROM contains the firmware and other programs required for the operation of the system, while the
RAM is used to store the data and instructions being processed by the CPU.

he Internet of Things (IoT) has rapidly evolved in the last few years, resulting in a significant
increase in the number of devices connected to the internet. These devices have limited battery life and
require low-power consumption to operate efficiently. One of the critical components of IoT devices is
a wake-up radio (WuR), which helps conserve energy by minimizing the time the device spends in an
active state.

In this paper, we have presented the design and implementation of a low-power WuR for
energy-efficient loT applications. The proposed WuR design is based on the principle of amplitude shift
keying (ASK) modulation and operates in the 2.4 GHz ISM band. The WuR comprises an ASK
modulator, a low-noise amplifier, and an envelope detector. We have also presented a power
management circuit that ensures the WuR operates at a low power while maintaining its efficiency.

We have evaluated the performance of the proposed WuR design through simulations and experiments.
The simulation results indicate that the WuR consumes 400 nW of power, which is significantly lower
than other WuRs in the literature. The experimental results also demonstrate that the proposed WuR
achieves a sensitivity of -92 dBm and can detect signals as low as 1 uW. These results highlight the
effectiveness of the proposed WuR design in achieving low power consumption while maintaining high
sensitivity.

Conclusion

In conclusion, the proposed WuR design offers a promising solution for energy-efficient loT
applications. The WuR operates at a low power and provides high sensitivity, making it suitable for
battery-powered loT devices. The power management circuit ensures that the WuR operates at a low
power, thereby extending the battery life of the IoT devices. The proposed WuR design can be further
improved by optimizing the circuit parameters and implementing advanced signal processing
techniques. Additionally, the WuR can be integrated with other IoT devices to form a low-power
network that conserves energy and enhances the overall performance of the IoT system. The design and
implementation of a low-power WuR presented in this paper demonstrates the effectiveness of ASK
modulation in achieving low power consumption and high sensitivity in WuRs. The proposed WuR
design can be a game-changer in the field of IoT, and its successful implementation can lead to the
development of more efficient and sustainable [oT devices.
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