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ABSTRACT 

With the word of smart, the whole world is running on the smart technologies and smart 

devices which are fairly constructed by wireless sensors networks. The heart of the WSNs are 

nodes, which are deployed in different environmental conditions with different applications. 

‘Power constraint’ is a major challenge faced by all manufacturers of nodes, as all the 

components of the nodes are running just with a single source battery.  

The work presented in this thesis is an attempt to reduce the power consumption of WSNs 

by developing a unique Wake-Up Radio system that is super-efficient in power consumption 

when one compares it to duty cycling method. This paper presents a simple wake-up radio 

architecture with easily available Off the shelf components and operating in ISM band. 

At the transmitting end, a receiver with 125 KHz baseband signal is modulated on an 868 

MHz frequency carrier and is transmitted with the help of homemade dipole antenna. The wake-

up radio receiver is constructed with a receiving antenna of 868 MHz and a network that matches 

good impedance to reduce the power loss of received signal, followed by a demodulation circuit 

with HSMS-285C zero bias Schottky diode to retrieve the baseband signal and to increase the 

sensitivity of the device. Later, the retrieved baseband signal is received by AS3933 low-

frequency wake-up receiver. The AS933 works like a comparator which compares the incoming 

address with the stored address to generate wake-up interrupt over node’s microcontroller 

activating it to perform its function. 

Measurements were made with the help of AS3933 demo board. The proposed system 

has a current consumption of 42.74µA including the current consumption of the components 

deployed in the demo board. In an ideal case, wake-up radio can be constructed without using 

AS3933 demo board by using only AS3933 IC that gives current consumption of 2.8µA. The 

developed prototype has a sensitivity of -40 dBm which resulted in a wake-up distance of 20 

meters at an output power of -5 dBm from the transmitting antenna. This justifies that the 

proposed system lowers power consumption in wireless sensor networks when compared to 

duty cycling. 
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Chapter 1 

 

INTRODUCTION 

Internet of Things (IOT) is making the world wireless like smart homes, smart factories, smart 

transportation, health care, personal wearable’s and so on.  There are multiple examples where 

IOT enabled technologies making big difference. Wireless sensor nodes are the building blocks of 

IOT technology. The sensor nodes sense the data, process the data and transfer the data. An 

important requirement of a sensor node is Power management. Most of the sensors, from the 

style they deployed, we wish them to consume as low power as possible. Key requirements of 

sensor nodes are low cost, smaller form factor, ease of use and low power consumption. And the 

reason for this is simple, it will be an expensive process to employ people to manually change the 

battery after a period. 

Wireless Sensor Network (WSN) incorporates devices outfitted with specific sensors with an end 

goal to screen the event of surrounding information and transmit them untethered. A wireless 

system is constituted by few sensing devices such as nodes and each node is arranged with a 

wireless communication device, typically a radio transceiver, a microcontroller to channelize the 

utility of the wireless sensor and an energy source, generally a battery. So, it’s very necessary to 

monitor and control the power consumption of each component in the system. A popularly used 

strategy to overcome this issue is to permit the nodes of a wireless sensor system (WSN) to switch 

OFF and ON their radio as indicated by a preset duty cycle. This is done to minimize idle listening. 

Duty cycling in any case, does not kill idle listening and comes at the cost of high latencies, which 

are unsuitable for some applications. 

One as of late proposed strategy to relieve the latency and energy waste natural with always ON 

and duty-cycled WSNs is to use a wake-up radio (WUR). This paper describes thesis work done 

on developing general wake-up radio module in ISM-band and fabricate it on PCB using off-the-

shelf components and measure a complete WUR system. The thesis also illustrates different 

components of the system and their specialties that made to select them. Further, it also consists 

of simulated output with the selected components and issues faced while making the prototype 

with same chosen components. 
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Chapter 2  
 

BACKGROUND AND SYSTEM DESIGN 

 

2.1 WAKE-UP RADIO CONCEPT 

In Wake-up Radio systems, a wake-up radio receiver (WuRx) is connected and executed in a 

wireless device and permits the device to stay asleep in a low or no-power state until a 

communication is bound to the device. The device can be remotely accessed by a wake-up radio 

transmitter (WuTx) by sending a wake-up call (WuC) signal proposed for the WuRx of the targeted 

device. The initiated node goes into a full-power state, performs its function and comes back to 

sleep mode [1].     

 

Figure 1: Wake-Up Radio Architecture 

2.2 SYSTEM’s BLOCK DIAGRAM 

The proposed Wake-Up radio design follows the block diagram shown in figure2. The radio 

frequency of 868 MHz is received by off the shelf 868 MHz antenna of 50ohm Impedance, and 

the received signal is transferred with low loss by the Impedance matching circuit which is then 

sent to the envelope detector circuit for the demodulation of the modulated signal. Demodulated 

signal is sent to the AS3933 low frequency wake-up receiver for frequency detection and pattern 

correlation. Once the incoming pattern matches the stored pattern by the Arduino, AS3933 gives 

a wake-up interrupt to Arduino to blink the LED to indicate received signal matches the stored 

signal. 

WuTx WuC WuRx
Micro 

contoller
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Figure 2: Design Block Diagram 

 

2.3 IMPEDANCE MATCHING: 

Necessity of impedance matching 

1. Maximum Power Transfer theorem states that a source delivers maximum power to the 

load which has the impedance with the complex conjugate of the source impedance 

 

2. If the load impedance is not matched to the source impedance, then there is going to be 

standing waves which results in buildup of voltage and current at certain points on the 

transmission line. 

 

3. In practice, transmission lines will have some loss. There is no transmission line which is 

ideal. The losses depend upon the voltage and the current on the transmission line.  

 

TYPES OF IMPEDANCE MATCHING   

There are several ways to accomplish it. A simple method is to work on resistors. One can simply 

trade off dissipating some power and use resistive attenuators. It is cheaper but dissipates power. 

An alternative resource is to prefer reactance which does not dissipate power, but frequency 

sensitive. Therefore, it is proficient to be inclined towards reactive matching to overcome the 

power loss. 

 Reactive matching deals with circuits made of capacitors and inductors. There are different kinds 

of reactive matching, namely L matching, PI matching and T matching which can be high pass or 

low pass. High pass is when the frequency is increased, they pass more of the signal so they act 

like high pass filter and vice versa. One may identify them by looking at the series components of 

the circuit. It is a high pass network if there are several capacitors and if there are several 

inductors, then it is low pass network. 
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L MATCH NETWORK  

L network consists of two components namely inductor and capacitor (L-C, L-L, C-C) that can be 

used to build eight different configurations of networks as shown in figure3. It transforms high 

to low depending on the orientation of the components. Series Capacitor is a high pass network 

whereas series Inductor is a low pass network.    

 

Figure 3: Eight L Network Configurations 

The structure of the network itself elucidates the reason regarding its name and simplicity of the 

concept. It has limitations to degrees of freedom since it has only two components to change 

while tuning and difficult to achieve different values of Q, Quality factor of a resonant circuit. 

Considering, if the impedance transformation ratio and resonant frequency is given, Q is 

automatically determined. So, to have an additional degree of freedom and desired value of Q, 

we should look for some other impedance matching network [2]. 

PI MATCH NETWORK 

PI network consists of two L networks back to back. PI network allows enhanced gradual 

impedance change, better bandwidth and can handle larger impedance ratio. By adding an 
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additional inductor in series with a resistor it is possible to get additional harmonic suppression 

and this is also used in some kinds of amplifiers. 

 

                                                                                     Figure 4: PI Network  

Thus, with PI match network the limitations exhibited by L match network is achieved. PI match 

network offers an additional degree of freedom and freedom to specify Q value compared to L 

Match.  

T MATCH NETWORK 

The design of the 3 element T network is same as PI network except that with the T match we 

match the load and the source through two L-type networks to a virtual impedance which is 

larger than either the load or source impedance. This means that the two L-type networks will 

then have their shunt legs connecting one another. 

 

                                                                              Figure 5: T - Network 

The T network is preferred where a high Q value is required between two low valued load and 

source impedances. The L section which has highest Q value defines the Q of the T network. 

Usually, the L section with the highest Q will occur on the end which has the smallest terminating 

resistor [3]. 

The T-match is particularly effective when the source and the termination parasitic are primarily 

inductive in nature allowing them to be absorbed into the network. 

For simplicity and making the circuit efficient and compact, L-match circuit has been chosen.  
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                                    Figure 6: LC Match Network of the design 

 
For this impedance matching circuit, LQW series inductors and GQM series capacitors from 

Murata components are selected with a value of 100nH and 2.2pF. Murata has a good library of 

design models to include in ADS and see the simulated response like implemented in real time 

environment. 

 

2.4 AMPLITUDE MODULATION 

Amplitude modulation is the modulating the amplitude of the waveform by varying the second 

waveform. These waveforms can be any sort of waveforms like a triangular wave, square wave 

or sine wave. Let us see the theoretical concept behind the amplitude modulated signal from two 

cosine waves. 

    C (t) = A cos (wct)   (1) 

 Equation (1) refers to the waveform of the carrier signal that carries message signal after 

modulation. In equation (1), it is the cosine function that varies between +1 and -1 at a angular 

frequency of wc. It is multiplied by amplitude A, so the overall carrier signal varies between +A 

and -A. 

    M (t) = K cos (wmt)                (2) 

 Equation (2) refers to the message signal. It also has amplitude represented with K varying 

with a frequency of wm, message frequency.  
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   S(t) = [1+ K cos (wmt)] A cos (wct)               (3) 

 Now, by combining equations (1) and (2), one can form an AM modulated signal which is 

presented in equation (3). In equation (1), A is amplitude and is a constant. It doesn’t vary with 

time, but in the amplitude modulated signal (Equation 3), the entire quantity “[1+ K cos (wmt)] A” 

is the amplitude of this cosine wave “cos (wct)”.  The amplitude of “S(t)” is the time variant, 

because of the cosine function m (t) inside it. So, the amplitude varies at a frequency of wm. K in 

equation (3) is known as the modulation index and typically varies between 0 and 1. 

One of the primary uses of modulation is to aid the transmission of information. For example, if 

a professor is lecturing to a room full of students and if the students in the back couldn’t hear 

him, he can increase his voice and speak louder so backbenchers could hear his lecture. If he 

needs to be audible for greater distance, he could use electronics to aid the transmission of this 

acoustic information typically microphone but if we want to cover miles and miles of the distance 

to transmit information, the best thing to do is to encode the audio information on the top of an 

electromagnetic wave. We can amplitude and modulate a high frequency carrier with the 

information signal and then broadcast that electromagnetic wave using a high-power transmitter 

and a large broadcast antenna. We will receive this electromagnetic signal far away using a 

receiver antenna attached to the front end of an AM radio. The AM radio then demodulates the 

carrier signal and recover the audio information. This high frequency carrier allows better 

propagation of signal and allows smaller receiving antenna. 

Figure 7 and 8 shows the carrier waveform and the message waveform for the system designed 

with ADS simulator. In the simulated output, there is a difference in offset voltage. This is done 

purposefully to give a clear picture about carrier frequency and message frequency. 868 MHz is 

chosen as a carrier frequency and 125 KHz is chosen as a message frequency to be modulated 

into the carrier frequency with a defined pattern to wake-up the targeted device. Typically, when 

we form an amplitude modulated waveform, carrier frequency wc should be much greater than 

the message frequency wm. 
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Figure 7: Simulation output of Carrier Frequency 868 Mhz 

 

Figure 8: Simulation output of Message Frequency 125 KHz 

When these two waveforms are combined, we get the amplitude modulated signal as shown in 

figure 9. 
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Figure 9: Simulation output of Amplitude Modulated Waveform 

 

2.5 DEMODULATION 

Demodulation is a technique used to recover the message signal from the carrier signal. It plays 

a significant role in Wireless Sensor Networks. Demodulator reconstructs the message from a 

radio signal manipulated by a modulator. For instance, after receiving any broadcast signals, the 

demodulator demodulates message signal from the high frequency received by the receiving 

antenna. Nonlinear components such as diodes are generally employed to perceive the baseband 

signal from the carrier signal.  Familiarly used method to demodulate a modulated signal is 

amplitude demodulation because of its simple and straight forward structure as in figure 10. 
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TWO IMPORTANCES OF AM DEMODULATION: 

Extracting information signal  

AM demodulator is predominantly used to extract the information signal from the carrier 

frequency. There are different ways employed to extract the information signal. Commercially 

utilized technique for amplitude demodulation is envelope detector using diodes. This will help 

in eliminating the carrier frequency and restore the information frequency. 

Filter 

The Filter cuts out any undesirable high frequency signals from the demodulation process. Then 

the filtered signal can be amplified by the amplifier depending upon the application. 

The envelope detector is an elementary method to detect the message frequency from 

modulated transmission which involve a simple semiconductor diode partner with a capacitor to 

discard unwanted high frequency elements. Despite having certain limitations but with the 

perception of the performance of the diode against complication and cost efficient, this 

technique gets adapted to different kinds of operations where receivers broadcast also come 

under the facilitation of envelope detector owing to its cost efficiency. 

Design criteria is immensely critical while selecting a right diode. In the present scenario, 

researchers of wake-up radio applications do prefer zero bias Schottky diode because it has less 

turn on voltage and faster switching speed compared to other conventional diodes. In general, 

very low barrier height diodes with high values of saturation current are suitable for zero bias 

applications. 

For envelope detector circuit, HSMS-285C surface mount zero bias Schottky detector diodes are 

selected because of its efficiency and consists of two series diodes. Figure10 shows the basic 

circuit of Envelope Detector. The HSMS-285C schottky diodes are specially designed to be 

employed in low power applications less than -20dBm and frequencies below 1.5 GHz [4]. 
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Figure 10: Envelope Detector circuit for Demodulation 

 

The transmitted signal will be in the form of Amplitude Waveform. As the AM waveform goes 

positive, the HSMS-285C will become forward biased and the output capacitor C1 will be 

connected directly across the input waveform and will charge up to the input AM value. Then, as 

the AM voltage decreases with respect to time, eventually the voltage on the capacitor will go 

larger than the voltage at the input. The diode becomes reverse biased and turns to be an open 

circuit. Then the capacitor gets discharged through the resistor R1, at a rate determined by the 

time constant ζ=RC. This cycle repeats as the AM waveform increases so that the voltage 

becomes greater than the voltage on the capacitor. The diode will turn on again and the capacitor 

charges. The important consideration in designing envelope detection circuit is time constant 

ζ=RC. By setting the time constant too fast instead of tracking the envelope of the signal, it will 

end up in tracking the carrier. The capacitor charges up but then quickly discharges and 

continues. So instead of following the envelope information to extract, it follows the carrier signal 

which is not helpful. On the other hand, by turning the time constant too large by making the 

resistor infinity, the diode turns off the capacitor and would never get discharged. Then AM 

waveform increases and capacitor charges to that value and then retains the value until we reach 

the maximum value of AM waveform. Finally, the output becomes a DC voltage with an AC input 

which behaves like a peak detector circuit. So, for the ideal working of envelope detector, it 

should satisfy the equation below. 

1/fm >> ζ=RC>>1/fC 

 

The figure below shows input and output of the envelope detector for the developed design with 
the help of ADS. 
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                                    Figure 11: Simulated output of Modulated and Demodulated Message signal 
                                                  Black = Amplitude modulated wave, Red = Demodulated wave 

2.6 AS3933 LOW FREQUENCY WAKE-UP RECEIVER 

AS3933 is the heart of this project which is a three-dimensional antenna with low frequency 

wake-up receiver specially designed. It has got many special characteristics that attract low 

frequency wake-up receiver designers to choose it. The two important features I would like to 

bring to notice are (1) 3-channel low power ASK wake-up receiver (2) integrated correlator. The 

3-channel low power ASK wake-up receiver provokes a wake-up signal when it recognizes a low 

frequency information signal that varies between 15 – 150 KHz. The integrated correlator works 

like a comparator to correlate the stored pattern with incoming 16 bit or 32 bit wake-up pattern 

[5]. It also has a considerable wake-up sensitivity of 80 µVRMS with flexible sensitivity level. 

Some of the key features listed in AS3933 datasheet of the manufacturers are 

• 3-channel ASK wake-up receiver 

• Carrier frequency range 15 – 150 KHz 

• One, two or 3-channel operation 

• Programmable wake-up pattern (16-bit or 32-bit) Manchester 

• Wake-up without pattern detection supported 

• Current consumption in 3-channel listening mode 1.7 μA (typ) 

• Dynamic range 64dB 

• Operating supply voltage 2.4 - 3.6V (TA = 25ºC) 

• Bi-directional serial peripheral interface (SPI) 
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The simplified block diagram of AS3933: 

                                                               

 

Figure 12: Block Diagram of AS3933 

AS3933 is built with three independent receiving channels: an envelope detector, a data 

correlator, a Manchester decoder, 19 programmable registers with the main logic and a Clock 

Generator [5]. The working of AS3933 can divided into two types: 

• Frequency detection with pattern 

• Frequency detection without pattern 

Frequency detection without pattern: 

In this mode, all the three antennas of the wake-up receiver will be looking for its low frequency 

signal by keeping the gain of their respective channel amplifier to the maximum. On receiving the 

signal, the antenna will send the signal to channel amplifier. If the channel amplifier receives the 

frequency in the expected range, then it gives the wake-up interrupt to the microcontroller.  

Frequency detection with pattern: 

In this mode, its function is similar as earlier case until the three antennas receives signal and 

gets amplified by the channel amplifier. After this, received signal strength indication (RSSI) 

comes into play. 
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The RSSI on each antenna indicates the strength of the received signal and passes to the channel 

selector. All the three antennas have their own RSSI and once they get stable, the channel 

selector checks which antenna has the strongest RSSI signal. After careful evaluation, channel 

selector stops receiving the data from the antenna which has weak RSSI signal. Now the channel 

amplifier which holds the strongest RSSI will become active and the data from that channel 

amplifier will be fed to the envelope detector while the envelope detector extracts the 

information signal along with the wake-up pattern and forwards it to the correlator. 

The correlator is a very special feature of AS3933 low frequency wake-up receiver which 

eliminates the power consumption caused due to idle listening and overhearing. With the help 

of SPI, we already store the desired wake-up pattern to the correlator. Whatever the signal it 

receives, it compares the stored pattern with the incoming pattern. Only if the pattern matches, 

correlator gives the wake-up signal to generate an interrupt to bring the microcontroller to active 

state. This eliminates the latencies and power waste made by duty cycling. 

2.7 ARDUINO UNO 

In this paper, Arduino UNO has been used for transmitting and receiving 125 kHz signal. Arduino 

UNO is a device widely used among electronics enthusiastic because of its simplicity and 

compactness. The hardware itself is an open source design which can be freely copied and their 

clone or derivative products can be sold. Consequently, Arduino is nothing unique but the 

combination of hardware design, software and the community around it which makes the 

Arduino so special. Formerly if we wanted to build an electronic device we would have bought a 

kit which has limited use to single product, but with the advent of microcontrollers making 

something complex with relatively few lines of computer codes has become simple. Therefore, 

Arduino is a rapid prototyping tool aids in constructing of remarkable gadgets effortlessly. 

The heart of the Arduino UNO is an 8-bit ATmega328P microcontroller chip which can be 

programed to do different things. There is also a timing crystal, power regulator and a USB 

interface. Along the sides of the board, there are a set of input and output pins. The pins beside 

the USB interface are digital input/output pins. Each of these pins can be programmed as either 

an input or output and digital in the sense that they can be ON or OFF, high or low. There is also 

a small debug LED built into the Arduino on pin 13 which can be used to test our programs quickly, 

if we don’t want to connect an external LED. Few of these I/O pins are significant. They are called 

as PWM and they are indicated with a wavy line next to the pin number. They can act like an 

analog output by sending pulses, for example, to dim a LED while other pins would only be turning 

on or off at full brightness. 

The pins 0 and 1 stated as Rx and Tx stands for transmission and reception of data. When we 

interface Arduino with a computer or any other device, it’s going to be these pins that are being 
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utilized generally for serial communication. With our Arduino on a certain project, it’s better not 

to use these transmit and receive pins too much because it might affect how our program 

operates. Now, to go along with transmitting and receive pins, there is also transmit and receive 

LED’s that are embedded on the board. These LEDs will blink anytime while we send or receive 

data.  

Near the power regulators, we can see the power connection pins from which we can take 3.3V 

or 5V for our components and two ground pins. Beside the power pins, we have 6 analog inputs 

which gives access to analog to digital converter and it’s on this microcontroller. Analog to digital 

converter allows taking analog signals and converting them into digital signals. These are only 

input pins which can be connected to devices like microphone, light sensor, variable resistors etc. 

working of digital to analog converter is to receive an infinite amount of variation in an analog 

signal and digitalize it into small steps. Arduino UNO also has a reset button on the board, when 

pressed, Arduino gets started from the beginning of the program. It would not erase anything on 

the board, instead it’s a form of super quick reboot. The board also consists of power on LED. 

This light is on when we apply power to the Arduino board either through a USB to a computer 

or with an external battery power connected. 

The reason behind the selection of Arduino UNO with ATmega328p microcontroller is not only 

because of its easiness but also because has several sleep modes that can be invoked to reduce 

power consumption. It’s a very useful feature if one wants to prolong the operation on a battery. 

Typically, Arduino main loop runs continuously. However, by using the sleep_CPU() command, 

we can enter a predefined sleep mode. Several wake-up sources are available to bring Arduino 

back to active mode from sleep mode. For instance, external interrupt, pin change interrupt, 

timer interrupt, watchdog timer, I2C address match are some of the wake-up sources.. The 

ATmega328p microcontroller has 6 different sleep modes. Different level of power savings can 

be achieved depending upon the sleep mode we choose. For example, one can choose power 

down mode which has the smallest number of wake-up sources and it is the most power saving 

sleep mode that is available on the Arduino. This mode freezes the oscillator and disable other 

chip functions. However, it saves the register contents and hold back for the hardware reset or 

wake-up sources[6]. Among the different wake-up sources, it will be handy to use external 

interrupts on pin 2 and 3 which will wake-up the microcontroller by receiving the desired 

interrupt. 
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Chapter 3 

 

HARDWARE IMPLEMENTATION 

Easy PC-PCB software by number one systems was used to design the schematic and layout of 

the prototype. The prototype consists of off the shelf antenna SMA connector to plug in a λ/2 

antenna for 868 MHz, 3 SMT capacitors of 0805, inductor of 0603, HSMS-285C diode of SOT 323 

package, AS3933 low frequency wake-up receiver of TSSOP-16 package, Tank circuit, Crystal 

oscillator, LED, 470Ω resistor and 3V CR2025 Maxwell batteries. AS3933 is provided with 16 

external pins to interface with receiving microcontroller.  

3.1 SCHEMATIC 

 

Figure 13: Schematic of prototype 
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3.2 3D VIEW  

Figure 14 represents the 3D view of the prototype generated in Easy-PC PCB software after 

completion of layout design. 

 

Figure 14: 3D View of the prototype designed 
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3.3 PROTOTYPE 

Figure 15 shows the photograph of the prototype that consists all the components listed in 

the beginning of the chapter. 

 

Figure 15: Wake-Up Radio 
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Chapter 4 

 

SIMULATION RESULTS 

The complete impedance matching and the envelope detection circuit are designed with 

the help of Agilent’s advanced design system (ADS) 2014 for choosing the components easily and 

precisely. 

The tuning facility in ADS is very useful in seeing the spontaneous results of the entire 

design by varying the component’s parameters while designing a system. 

IMPEDANCE MATCHING OUTPUT 

 

Figure 16: reflection coefficient of simulated design 
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The above figure shows the reflection coefficient S11 because of construction of impedance 

matching network with an inductor of 100nH and a capacitor of 2.2pF. This structure shows the 

significant performance of the matching network as the lower valley of the graph is literally at 

868 MHz with the reflection coefficient of -38.64 dB. Varying capacitance value of the capacitor 

makes considerable changes in the simulated results. It is clearly seen that the impedance 

networks work well in filtering the unwanted frequencies outside of interested frequency of 

868MHz. 

ENVELOPE DETECTOR OUTPUT 

 

Figure 17: Envelope Detector Output of simulated design 

The input sensitivity of the AS3933 is 100 µ Vrms which is equal to -113 dBm. The above graph 

shows the sensitivity of the design achieved with the help of HSMS-285C Schottky diode. With an 

input power of nearly -59 dBm, the diode can generate the necessary voltage required by the 

AS3933 to detect the incoming signal. 
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Chapter 5 
 

TRANSMITTING SIGNAL FORMAT 

The manufacturers of AS3933 have specific criteria on how the transmitting signal should be 

structured so that AS3933 can recognize the intended signal and decide whether to generate the 

wake-up signal or not. The format of transmitting signal has been divided into four parts: (1) a 

carrier burst, (2) a separation bit, (3) a preamble and (4) the pattern (address). Figure 18 shows 

the structure of the transmitting signal instructed in datasheet while figure 19 shows the 

transmitting signal coded as per the requirements instructed in the datasheet [5]. 

 

Figure 18: Signal format required by AS3933 

Carrier burst 

The manufacturer of AS3933 has given minimum duration of the carrier burst with respect to 

different operating frequency range from 15 kHz to 150 kHz as shown below: 

Table 1: Minimum carrier burst length for the transmitting signal 

Operating Frequency Range [kHz] Minimum Duration of the Carrier Burst 

95-150 80.Tclk+16.Tcarr 

65-95 92.Tclk+16.Tcarr 

40-65 180.Tclk+16.Tcarr 

23-40 224.Tclk+16.Tcarr 

15-23 220.Tclk+8.Tcarr 

 

Since we know our operating frequency is 125 kHz, we can find our minimum duration of 

Carrier Burst =  80Tclk + 16Tcarr 
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Baseband frequency Fcarr=125 kHz  

Then, 

          Tcarr =
1

𝑓𝑐𝑎𝑟𝑟 
       (where, Tcarr =  period of the carrier)  

     Tcarr =
1

125 𝑘𝐻𝑧 
 

     Tcarr = 8µs 

And, 

     Tclk =
1

Frc
        (where, Tclk =  period of the clock generator) 

                   Frc =
fcarr 

4 
       (From datasheet of AS3933) 

            Tclk = 32μs. 

Minimum duration of carrier burst = 80(32µs) +16(8µs) 

                                                               = 2.688ms 

Separation bit 

As per the protocol given by Austria microsystems, carrier burst is followed by a separation bit as 

a sandwich between carrier burst and preamble with the length of half Manchester symbol. This 

bit is implemented as last bit of carrier burst as 0 to differentiate the carrier burst and preamble. 

Preamble  

The minimum preamble length needs to be as shown in table 2 depending on the number of 

preamble bit we choose. The preamble bit should be at least 6 bit to a maximum of 14 bit. In this 

thesis, 8 arbitrary preamble bits of sequence 10101010 has been chosen.  

8bits = 8 * 32 RF periods = 8 * 32 * 8us = 2048µs 

Table 2: Minimum preamble length for the transmitting signal 

R3<5> R3<4> R3<3> Preamble Length 
[ms] 

0 0 0 0.8 

0 0 1 1.15 

0 1 0 1.55 
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0 1 1 1.9 

1 0 0 2.3 

1 0 1 2.65 

1 1 0 3 

1 1 1 3.5 

At receiver end, minimum expected preamble length of the incoming signal should be set in 3rd 

register bit values of programmable AS3933 as in table 2. In this receiver configuration (the 

Register R3<5:3> = 010), the minimum length of the preamble should be of 1.5ms. 

Pattern 

The final part of the transmitting signal format is the transmission of the pattern. Since one of 

our objectives is to kill overhearing in order to reduce the power consumption, we shall store the 

address of the receiver in R5 and R6 registers of AS3933. R5 and R6 are the registers allotted by 

AS3933 manufacturers to store the pattern. So, the pattern we are sending through the 

transmitting signal should be in accordance with the stored address in the receiver. The pattern 

generated in transmitting end is R5=0x69 and R6=0x96. 

Figure 19: Transmitted Signal Format 
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Chapter 6 

 

WIRED TRANSMISSION TEST 

To make sure that the Prototype works as it is configured to be, wired transmission test was 

performed with the experimental setup as shown in below Figure 20. 

 

Figure 20: Test Setup for initial verification 

The AS333 didn’t generate the wake-up signal as it was supposed to do after receiving the 

transmitted signal. To ensure whether the AS3933 receives the signal, certain steps were taken 

to check the impedance matching and demodulation circuit. There was a problem in 

demodulation of the signal. The value of bleeder resistor in envelope detector circuit was not 

optimized to give a perfect demodulated signal. This issue was addressed and solved as discussed 

in section 2.5. Even then a problem continued to exist in the generation of the wake-up signal. 

The next problem was with SPI communication. Since the pattern sent through SPI doesn’t store 

in AS3933, it couldn’t correlate the received signal and generate the wake-up signal. 

In SPI communication, Arduino acts as a master and AS3933 works as a slave. To select the 

AS3933 as a slave, the master should send a chip select in high, as shown Figure 21. The data 

stream sending through MOSI pin of microcontroller to AS3933 should be in the order of MSB to 

LSB [5] as shown in table 3. Bit B15 and B14 indicates the operating mode to be either write or 

read mode. For write R<B15:B14> = 00 and for read R<B15:B14> = 01. After the mode, bits B13 

to B8 represents the address of the register need to write or read. Bits B7 to B0 is used to store 

data. 
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Figure 21: blue = chip select high from master to slave at 3V 

 

Figure 22: Yellow = SCLK, Serial clock signal from master to slave 

 Blue = MOSI, Data from master to slave 

DATA = R1≈ 0x01, 0x2E 
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Table 3 SPI Command Structure for AS3933 

 

Even though the sent signal from master to slave is as instructed in the datasheet, no wake-up 

signal was generated by AS3933. Alternatively, AS3933 receiver demo board has been used to 

receive the demodulated low frequency signal and generate the wake-up interrupt. Finally, the 

proposed system in figure 2 has been revised as shown in figure 23. 

 

Figure 23: Revised Block Diagram 
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Chapter 7 

 

Simulation Vs Measurement 

The front-end circuit of the hardware is designed using ADS simulation tool. The components 

values were selected. The targeted industrial, scientific, and medical radio band(ISM band) of the 

device was 868 MHz and it successfully got tuned with help of the ADS. The simulation output is 

shown in Figure24. 

 

              Figure 24: Simulated Impedance Matching Output 

The front-end circuit with the chosen values using ADS is constructed in a printed circuit board 

to test the frequency sensitivity of the prototype. To test the frequency sensitivity, signal 

generator was used to output a 125 KHz OOK modulation on 868 MHz carrier and connect it 

directly to the printed circuit board using an SMA Cable. The measurement graph below shows 

the frequency of the front-end circuit which got tuned to 568 MHz instead of 868 MHz. 
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Figure 25: Design tuned to 568 MHz 

After intensive study and understanding the behavior of the hardware board by considering 

parasitic inductance and capacitance, the front-end circuit got optimized to 868 MHz by trimming 

the components manually. The measured output on Figure 26 shows the frequency sensitivity of 

the device optimized to 868 MHz. 
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Figure 26: Design Optimized to 868 MHz 

 

In figure27, the measured output voltage of the detector diode is shown at an input 

power of -10 dBm with a frequency swept from 468 MHz to 1268 MHz. As expected, highest 

output voltage was obtained at 868 MHz which is more than enough to trigger the antenna pin 

of AS3933 to initiate the wake-up signal. 
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Figure 27: Measured Output Voltage (Pin = – 10 dBm) 
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Chapter 8 

 

Results and Discussion 

This section of the report explains how the wireless tests were done with the developed 

prototype. The experimental results will be an evidence to proclaim that the proposed system is 

a beneficial approach on Wireless Sensor Networks in terms of current consumption, sensitivity, 

and wake-up range. 

CURRENT CONSUMPTION  

Current consumption of the AS3933 demo board is measured in two scenarios,  

i. Current consumption in idle mode 

ii. Current consumption while sending the wake-up signal 

The important components consuming current in the AS3933 demo board are PIC24FJ64GB004 

microcontroller, AS1362 low dropout regulators, AS1746 dual SPDT analog switch, AS3933 low 

frequency wake-up receiver and 9 LEDs. Quiescent current consumption of all these components 

were taken from the manufacturer datasheet to calculate the current consumption of AS3933 

demo board in idle mode. Table 3 presents the distinctive current consumption of each 

component and added total current consumption for 3 different microcontrollers which were on 

discussion to be used in this thesis. 

Table 3 Current Consumption with respect to different microcontrollers 

 

 
Microcontroller 

 

 
 

AS1362 
(LDO) 

 
 

AS1746 
(Switch) 

 
 

AS3933 

 
 

Total 

 
PIC24 = 0.04 µA 

 
40 µA 

 
5 nA 

 
2.7 µA 

 
42.74 µA 

 
ATmega328P = 0.1 µA 

 
40 µA 

 
5 nA 

 
2.7 µA 

 
42.80 µA 

 
MSP430 = 0.169 µA 

 
40 µA 

 
5 nA 

 

 
2.7 µA 

 
42.87 µA 

 

In idle mode, AS3933 demo board has a current consumption of 42.74 µA 
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The overall current consumption of AS3933 demo board is 2.2mA when it receives the 

transmitted signal and generates the wake-up with the indication of LED. To have better 

understanding of total power consumption and lifetime of wake-up radio with respect to the 

capacity of the battery, assume a wake-up periodicity and calculate the load current of that 

period. Assume a recurring cycle for a period of 1hour. During the period of 1hour, wake-up radio 

wakes up for a second with power consumption of 2.2 mA and sleep for rest of the hour with a 

power consumption of 42.74 µA. 

Average Load current = 
2.2×10−3×1

3600
 +  

42.74×10−6×3599

3600
 

                                        = 4.33 × 10−5amps 

The lifespan of the battery can be calculated by dividing the battery capacity in milliamp-hours 

and load current in milliamp hours. 

                       Life span = 
Battery capacity 

Load current
 

                                        = 
230

4.33×10−5 

                                        = 5311 hours 

The lifespan of the wake-up radio is directly proportional to battery capacity and inversely 

proportional to load current. Therefore, Wake-up radio designed with AS3933 demo board has a 

lifetime of 5311 hours which is equal to 221 days.  
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WAKE-UP DISTANCE 

The measurement of the wake-up distance of the wake-up radio was carried out in a laboratory 

environment. The signal generator was used to generate 868 MHz signal. The output of the signal 

generator was given to the Local Oscillator port of the mixer. On the other hand, 125 KHz OOK 

modulated signal was given to IF port of the mixer by Arduino UNO. A homemade transmitting 

dipole antenna made by research engineer Per-Olof Karlsson was connected to the output of the 

mixer to begin the wireless transmission. Figure 28 shows the transmitting setup.  

 

Figure 28: Transmitter Setup 

The transmitting antenna is fixed in a static position with a stand while the WUR were moved 

successively to find the maximum wake-up distance. The detection of the wake-up signal will be 

indicated by the X-antenna LED and strength of the received signal is indicated by 0-4 RSSI leds 

of AS3933 demo board. The test started with a transmission power of -10 dBm from the signal 

generator. With a power of -10dBm, the AS3933 demo board could detect the signal for 3 meters 

and then the power transmission was increased to -5 dBm. 20 meters of wake-up signal was 

indicated by the AS3933 for the output power of -5 dBm which is the point near to the Lab Door. 

Figure 29 shows the Wake-Up indication of the AS3933 demo board at 20meters for a 

transmission power of -5dBm.  
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Figure 29: Wake-Up signal detected by AS3933 demoboard 

The planned test was to measure the farthest distance the AS3933 demo board would still wake-

up for an output power from -10 dBm to +10 dBm at the transmitter. Since the test was 

happening inside the lab of 20meters with a line of sight, AS3933 demo board was unable to 

detect the signal outside of lab door. Nevertheless, increasing the transmission power to 0 dBm 

and the RSSI LEDs in the demo board was high indicating the signal strength is more. The results 

can be seen in table 4. 

Table 4 Wake-Up Range results of the prototype 
 

Power 
(dBm) 

 

Distance 
(meter) 

    Frequency of detection  
            (per minute) 

-10  3  10 

-5 8 9 

-5  20  2 
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LINK BUDGET 

Link budget refers to accounting of gains and losses of a components and medium involved in an 

end-to-end communication between transmitter and receiver. In Radio Communications, it is 

important for the designers to calculate the link budget to compute the efficiency of the link 

employed in the designed system. To calculate the link budget, it is necessary to know about the 

power transmitted, gains and losses of the components involved in the end to end 

communication system. Figure 30 shows the link budget of the designed system. Since the 

transmitting antenna is a homemade dipole antenna, its antenna gain is assumed to be 0 dBi as 

receiving antenna made by taoglas antenna solutions. 

                                                              

f                           

                                                                          GTX                                           GRX 

    

 

 

                                                                           LTX                              LRX 

                                                                           LFS 

 

 

                                                                    Figure 30: Link Budget 

PRX   =   PTX + GTX + GRX - LTX - LFS - LP - LRX = -75.85 dBm 

Where, 

Received power, PRX = -75.85 dBm 

Transmitter output power, PTX = -5 dBm  

Transmitter antenna gain, GTX = 2.15 dBi  

Receiver antenna gain, GRX = 0 dBi  

Transmitter losses, LTX = 12 dB  

Free space loss or path loss, LFS = 57 dB  

Miscellaneous losses, LP = 0 dB 

Receiver loss, LRX = 2 dB 

LFS = 20log10(d) + 20log10(f) + 20log10(4π/c) - GTX - GRX 

Signal 

Generator 

(PTX) 

Mixer 
Wake-Up 

Radio (PRX) 

T
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LFS = 20log10(20m) + 20log10(868MHz) + 20log10(4π/c) - 2.15 dBi – 0 dBi = 57 

SENSITIVITY 

As discussed in chapter 7 there was wide variation between the components value chosen in the 

simulation and manually trimmed components. Finally, tuning the components for a good 

impedance matching network, the board was subjected to measure its sensitivity with the help 

of a signal generator. The signal generator was programmed to output RF energy of 868 MHz as 

an input to off the shelf antenna SMA connector on the hardware board. The prototype was set 

up to receive 868 MHz signal continuously incorporated with 125 KHz OOK modulated signal. The 

output of the prototype was connected to an oscilloscope to see minimum voltage response at 

different power transmission. The minimum power level of the signal generator while seeing the 

considerable output at the oscilloscope was measured to be -40dBm. 

This paper shows a competitive work done in comparison with the paper published by sadok and 

faouzi [7]. The design showed in their paper has a good power consumption of 3µA and the device 

has an appreciable sensitivity of -60dBm. It consists of a matching network, envelope detector, 

LC filter, IF amplifier logic controller, IF amplifiers and AS3933. The common components 

employed between both designs are HSMS-285C schottky diodes and AS3933 low frequency 

wakeup receiver. In [7], matching network transfers the received power to the envelope detector 

for the demodulation of IF carrier 18 kHz and followed by the LC filter for smoothening the 

received DC signal. IF amplifier is added in a duty cycle method to amplify the received signal, the 

output of the IF amplifier will be sensitive enough to be recognized by AS3933. The IF logic 

controller employed before IF amplifier gives a low to high pulse to IF amplifier by receiving the 

carrier burst of 18 kHz, until IF amplifier is put in sleep mode with a power consumption of 10nA.  

The proposed system in this thesis is simple and compact compared to [7]. This system shows 

better performance in power consumption including a microcontroller, because the developed 

prototype has a successful SPI interface and less active components compared to [7]. In [7], the 

3µA power consumption achieved doesn’t include the power consumption of microcontroller. 

The better sensitivity of the proposed system can be achieved by changing the L-match network 

to PI or T-match network to get an additional degree of freedom for optimizing the sensitivity. 

In an ideal point, if the SPI interface was successful then the proposed system will have a current 

consumption of 2.8 µA in which AS3933 in standard listening mode with one active channel and 

RC-oscillator as clock generator consumes 2.7 µA and ATmega328P microcontroller consumes 

0.1 µA in the power down mode. So, the life span of the device with a current consumption of 

2.8 µA in idle mode and 2.2 mA while generating wake up signal will be of 7.6 years. The life span 

of the device is directly proportional to the capacity of the battery used and inversely 

proportional to the frequency of the generation of the wake-up signal. 
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To further obtain minimal power consumption in wake-up radio system, one may go for a 

complete passive component design by using a CMOS or MOSFET technology. In this technique, 

the required energy for the circuit is obtained from the incoming RF energy. So, to make this 

circuit sensitive and increase the wake-up range, it requires higher transmission power or large 

antenna. With these limitations, complete passive wake-up radios are preferably used in short 

range applications. 

In [8], the developed semi-active wake-up radio receiver achieved an ultra-low power 

consumption in a nanowatt range with good sensitivity. The difference between the design 

developed in [8] and this paper is that, in [8] they have used a low power comparator to generate 

interrupt instead of AS3933. In [8] three boards with three different low power comparators has 

been developed and evaluated to understand the trade-off between sensitivity and power 

consumption. They have achieved maximum sensitivity of -55dbm and a low power consumption 

of 196 nW with a short latency compared to other research papers on wake-up radio receivers. 

Employing energy harvesting techniques with solar panel will make this kind of wake-up radio to 

be super-efficient for wireless sensor networks. 
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Chapter 9 

 

CONCLUSION 

A general wake-up radio for ISM band is designed with good sensitivity and demonstrated with 

the help of AS3933 demo board. This thesis presents a step by step approach for constructing a 

wake-up radio with AS3933 low frequency wake-up receiver and off the shelf components. The 

thesis also shows detailed system design with different types of impedance matching and 

importance of envelope detector to reconstruct the modulated data from the received signal. 

The proposed design has a good sensitivity of -40 dBm with the help of simple LC matching circuit 

and demodulation with HSMS-285C zero biased Schottky diodes. If the wake-up radio has been 

designed as planned without the help of AS3933 demo board, the current consumption will be in 

a range of maximum 10 to 12 µA in idle mode. But to give a general idea about current 

consumption of a wake-up radio design, the current consumption of AS3933 demo board is 

measured which was 42.74 µA at idle mode and 2.2 mA when it generates a wake-up signal. With 

transmitter power of -5 dBm, the prototype has achieved a wake-up distance of 20 meters. This 

justifies that wake-up distance of the wake-up radio increases with increase in transmission 

power. Even though the demonstrated prototype is not a complete and compact wake-up radio, 

the proposed concept of wake-up radio will be advantageous and overcome the drawbacks 

exhibited by duty cycling in power consumption. 
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