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Ultra Low Power Wake-Up Receiver with Unique Node 

Addressing for Wireless Sensor Nodes 

 

Travis Lee Cochran 

(ABSTRACT) 

 

Power consumption and battery life are of critical importance for medical implant devices. For this 

reason, devices for Wireless Body Area Network (WBAN) applications must consume very little power. 

To save power, it is desirable to turn off or put to sleep a device when not in use. However, a 

transceiver, which is the most power hungry block of a wireless sensor node, needs to listen for the 

incoming signal continuously. An alternative scheme, is to listen for the incoming signal at a 

predetermined internal, which saves power at the cost of increased latency. Another and more 

sophisticated scheme is to provide a wake-up receiver, which listens for the incoming signal 

continuously, and upon detection of an incoming signal, it wakes the primary transceiver up. A wake-up 

receiver is typically simple and dissipates little power to make the scheme useful.  

This thesis proposes a low-power wake-up receiver, which listens for a wake-up signal, identifies the 

target node, and wakes up the primary receiver only when that specific node is called upon. When a 

wake up signal is transmitted to all of the nodes on a network, our wake-up receiver allows all the nodes 

on a network except the targeted node to remain asleep to save power. Several wake-up receiver 

topologies have been proposed. This work uses a passive Cockcroft-Walton multiplier circuit as an RF 

envelope detector followed by a simple detector circuit. A novel serial code detector is then used to 

decode the pulse width modulated input signal to wake-up the designated node. A passive RF front end 

and simple decoding circuit reduce power consumption substantially at the cost of low sensitivity. The 



sensitivity of the wake-up receiver can be improved though the addition of an RF amplifier, but at the 

cost of increased power consumption.  
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1. Introduction 

Wireless body area networks (WBANs) are expected to make sweeping changes in the medical field 

as well as many other applications [5]. The Wireless Body Area Network (WBAN) draft standard, IEEE 

Draft 802.15, is being developed for the communication of wireless devices about your person for 

medical, athletic, and multimedia applications. The network consists of a central hub, which 

communicates with wireless devices within a 2 meter range. These devices can include medically 

implanted sensors/devices such as pacemakers, blood glucose sensors, and blood pressure sensors, 

wearable sensors such as pedometers, and enhanced reality or multimedia devices. The network 

protocol is also design to communicate with external wireless interfaces, which can be added to the 

network or relayed to through an external hub. These devices can include an electronic doctor’s chart to 

read your medical sensor data, a wireless smart home system, and many other applications.  

 

Figure 1: Wireless Boady Area Network [1]  

Used under fair use guidelines, 2011.  
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The wireless sensors on the network should have as long a battery life as possible to reduce 

frequency batteries need to be replaced. This can be achieved through low power design and energy 

scavenging. Surgically implanted medical sensors are especially critical since replacing the battery may 

require additional surgery. It may be possible to recharge some of these sensors inductively but 

extending the battery life through low power design allows for less interaction by the user. 

WBAN devices should be able to run off of small batteries or energy scavenged from the ambient 

environment, allowing them to be implantable or wearable for medical applications. The power 

consumption of a WBAN device is of critical importance and poses significant design challenges. 

Frequent battery recharging or replacement of implanted sensors entails surgical operations and 

possible exposure to harmful infections. Therefore, an advanced power management scheme is 

required to prolong the battery life and increase the lifespan of WBAN devices. 

The RF front-end of a wireless device is responsible for major power dissipation in the system, and it 

is particularly true for small wireless devices in WBANs, where data communication occurs for a short 

period of time. Reducing power consumption of the RF front-end while the node is idle is very important. 

Duty cycling is a popular wake-up scheme [6]. WBAN nodes sleep in an idle state most of the time, while 

waking up at the predefined time to communicate with the host. This approach can reduce the amount 

of energy used by exploiting the inherent low frequency changes characteristic of biomedical 

information. However, the low duty cycle results in increased latency in communication. Moreover, 

WBAN devices still wake up even if there is no data to transmit or receive, which results in redundant 

energy dissipation. 

This thesis presents a wake-up receiver, which targets for the 2.4 GHz ISM band although the main 

transceiver is likely to operate in the 402-405 MHz medical implant communication service (MICS) band. 

The wake-up receiver can operate in whichever band is allocated for the target application with little 
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modification. The proposed wake-up receiver consists of a carrier sensing circuit and a serial code 

detector. The carrier sensing circuit is implemented with passive elements and is triggered by radio 

energy to minimize power dissipation. Meanwhile, the code detector decodes the received signal and 

generates an asynchronous interrupt signal to the main processor and transceiver when the node is 

called upon, thus enabling the main transceiver to react quickly. We propose a simple protocol to 

support the proposed asynchronous wake-up receiver.  

The main contribution of this thesis is combining a low power wake-up receiver front end with a 

serial code detection circuit which can decode the pulse width modulated information from the carrier. 

This decoded node ID is compared to each node’s assigned ID and an interrupt is generated at the target 

node to wake the processor and main RF transceiver. For other proposed wake-up receivers the 

processor has to wake on every node to decode the incoming packets, wasting power and lowering the 

wireless nodes battery life. 

This thesis is organized as follows: 

 Chapter 2 provides the background for wake-up receivers with special consideration for 

WBAN’s and different power saving techniques for wireless sensor networks. This includes 

both MAC layer power savings as well as different wake-up receiver designs. Several general 

types of wake-up receivers are discussed with specific examples given and analyzed. 

 Chapter 3 covers the architecture of the proposed wake-up receiver with system level 

design constraints and concerns. Several possible design tradeoffs are discussed which 

would allow the performance of the proposed design to be tailored for a specific application. 

 Chapter 4 goes into the details of this wake-up receiver design. The design of each block in 

the signal chain is discussed and analyzed, starting with the input at the antenna, through a 

matching network, the Cockcroft-Walton multiplier, and the DC detector. Followed by the 
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serial code detector and the design of its components, e.g. the pass gate flip flops and delay 

buffer.  

 In Chapter 5, the simulation results of the proposed wake-up receiver are analyzed. These 

results are compared to other recently published wake-up receiver designs to illustrate the 

tradeoffs between the design primarily with regards to power consumption, sensitivity, and 

bit rate. 

 In Chapter 6, the future plans for this work are discussed to see this design fabricated and 

tested to verify the simulations as well as possible improvements. 

 In Chapter 7, we conclude this thesis by summarizing the benefits and unique features of 

the proposed wake-up receiver. 
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2. Background  

  This chapter provides the background for wake-up receivers with special consideration for 

WBAN’s and different power saving techniques for wireless sensor networks. This includes both MAC 

layer power savings as well as different wake-up receiver designs. Several general types of wake-up 

receivers and their topologies are discussed with specific examples given and analyzed. 

 

2.1 Wake-Up Receivers 

 The primary purpose of a wake-up receiver is to lower the power consumption of the primary 

transceiver for wireless sensor networks. A wake-up receiver should dissipate low power, typically less 

than 100µW. The required data rate of a wake-up receiver is much lower than that for the primary 

transceiver. The RF sensitivity is also around 30dB less than that of primary receivers [1]. 

 2.1.1 About Wake-Up Receivers 

A wake-up receiver enables a wireless sensor network to save power by turning off the main 

transceiver unless it is needed. There are two main power saving options provided in the draft standard 

for Wireless Body Area Networks (WBANs), IEEE Draft 802.15 [2]. The first technique is the use of 

Beacon Periods, in which the hub assigns each network node a specific time slot to communicate with 

the hub. The node also has the option to sleep for a number of beacon periods before waking up to 

transmit the data or to simply synchronize with the hub and return to sleep [3]. This MAC layer power 

saving option allows for the node to sleep, turning off its transceiver and other system components until 

the next scheduled beacon period. A major shortcoming of this option is latency. If the nodes are 

sleeping through many beacon periods before communicating, the latency can be large. The long latency 

is undesirable for medical applications such as the ones for WBANs. To set the time to wake up and 

communicate with a beacon period, the wireless node must have an accurate clock running. Also the 



6 

 

accuracy of the timer determines how long a node can sleep through beacon periods and correctly 

wakes up within its predetermined time slot to avoid overlap the communications with following nodes. 

 The second power saving option comes from the physical layer through the adoption of a wake-

up receiver. If a node on the network indicates that it has a wake-up receiver, the hub requests the 

specific node via the wake-up receiver and then communicates with the node once the main transceiver 

is powered up. This option incurs low latency compared with sleeping through many beacon periods. 

The wake-up receiver latency is only limited by the bit rate (which is usually low) of the wake-up receiver 

and the wake-up time of the RF transceiver and the processor. This option does not need a digital clock 

and a timer, although the addition of the wake-up receiver will consume more power than the main 

transceiver alone.  

2.1.2 Key Technical Problems 

 Minimizing the power consumption is a major concern for any wake-up receiver design. 

However, lowering the power consumption usually results in decrease of the input sensitivity, which 

decreases the range and increases the BER (bit error rate). Also since a wake-up receiver is supplemental 

to the main RF transceiver, its footprint should be minimized, so its cost does not outweigh the power 

savings.  

2.2 Wake-Up Receiver Topologies 

 There are two major communication schemes used for wake-up receivers, which are discussed 

below with their respective topologies. First there are FSK wake-up receivers which encode the packet 

data in frequency variation. These are usually more complex but higher performing than other designs.  

Typically super-heterodyne or super-regenerative receiver topologies are used. The other main 

communication scheme uses simple on-off keying and envelope detection in the receiver. These 

receivers can use a mixer to bring the incoming signal down to baseband or do the envelope detection 
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at high frequency. The Cockcroft-Walton multiplier is a commonly used circuit for high frequency 

envelope detection. 

There are many proposed topologies for wake-up receivers.  Two primary modulation schemes, 

on-off keying (OOK) and frequency-shift keying (FSK), are commonly used due to their simplicity for 

demodulation, and the simplicity allows for low power consumption [4]. However, these modulation 

schemes provides low data rates compared with more sophisticated coding schemes, but a high data is 

not required for a wake-up receiver. 

2.2.1 FSK Wake-up Receivers 

 An FSK receiver is less sensitive to path loss than an envelope detector and is inherently more 

linear.  The RF carrier of a super-heterodyne FSK receiver is down-converted to an intermediate 

frequency (IF), which mitigates adverse effects of parasitics. Further, an IF amplifier consumes less 

power than an RF amplifier due to a lower operating frequency. Figure 2 shows a super-heterodyne 

receiver which mixes in incident signal with two signals 90 degrees out of phase with each other, 

yielding an I and Q signal at low frequency, which are then amplified. A super-heterodyne FSK wake-up 

receiver can achieve a reasonably high data rate using both the I and Q channel, and high sensitivity but 

at the cost of high power consumption. The local oscillator (LO) of a super-heterodyne FSK wake-up 

receiver consumes a lot of power in this topology. For example, the FSK wake-up receiver in [2] achieves 

50 kbps and -65 dBm, but consumes 126    , which is quite high.   
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Figure 2: Super Hederodyne Wake-Up Receiver [5]  

Used under fair use guidelines, 2011.  

 

 Super regenerative receivers, first proposed by Armstrong back in 1922, are also applied for FSK 

wake-up receivers.  Super regenerative receivers achieve high gain and low power consumption, as they 

operate near the threshold of instability. Negative feedback in the form of a quenching circuit is often 

used to keep the amplifier stable. A super regenerative receiver can also be used for envelope detection 

[5].  

2.2.2 Envelop Detection Wake-up Receivers  

Envelope detection is popular for wake-up receivers due to its simplicity.  A simple envelope 

detector receiver is composed of a diode rectifier followed by a low pass filter. Such a simple receiver 

has very low sensitivity. Two approaches have been used to boost the sensitivity, down-mixing with low 

frequency amplification and voltage multipliers, both illustrated below. 

2.2.2.1 Intermediate Frequency Envelope Detection 
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There are several proposed wake-up receiver designs which mix the RF signal down to an 

intermediate frequency before the envelop detector. Figure 3 uses a local oscillator (LO) and a mixer to 

convert the incoming RF signal down to IF. The lower frequency signal is then amplified before passing 

through an envelope detector generating a baseband signal. The baseband packet data is decoded by 

the processor to determine if the node is going to wake up. The benefit of this design is that to achieve 

the same receiver sensitivity, the IF amplifier dissipates less power than an RF amplifier [4]. However, 

the LO required for the super-heterodyne topology is power hungry. One unique approach is to use a 

ring oscillator with an unknown exact frequency [6] instead of a traditional LC oscillator. A ring oscillator 

dissipates less power than an LC oscillator, but its frequency is dependent on process and temperature 

variation which causes the IF to vary. This would be a problem for a fixed IF architecture, but the exact 

frequency of the IF is irrelevant for the envelop detector. This architecture achieves a sensitivity of -72 

dBm at 100 kbps with a power consumption of 52 µW [6]. A similar design achieves -87 dBm at 250kbps 

for 83µW of power consumption [7]. One caveat of this design is that the input filter has to have a high 

Q to reject adjacent channels due to the wideband amplification which would amplify other nearby 

signals which were mixed down near the IF.  
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Figure 3: IF Envelope Detection [7] 

 Used under fair use guidelines, 2011.  

 

 

Another approach which has been proposed is to duty cycle the operation of the wake-up 

receiver such that it effectively samples the channel every bit period for the wake-up signal [8]. By duty 

cycling the operation of the wake-up receiver the effective power consumption can be reduced and the 

latency will not be increased significantly as long as the duty cycle period is short. Once an initial wake-

up preamble (1kbps) is detected the wake-up receiver can stay active to decode the incoming packet at 

a higher data rate of 200kbps before returning to the duty cycling operation.  In [9] a down sampling 

clock is used to convert the signal to an IF before amplifying and digitizing the signal. 

A Clock Harvesting GSM circuit is used as a wake-up receiver in [10] uses both an LNA before a 

mixer as well as several IF amplifier stages after the mixer to achieve a sensitivity of -87dBm although 

the number of amplifiers yields a high power consumption of 126µW. This design like several other 

envelope detectors uses a Surface Acoustic Wave (SAW) resonator to achieve high selectivity on the 
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input [11]. This allows for out of band signals to be filtered out before the mixer and envelope detector. 

Both SAW’s and thin-film bulk acoustic resonators (FBAR or BAW) are useful for high Q RF filters and 

have a smaller form factor than crystal filters or off chip LC filters. Because of their small size, a BAW can 

be implemented in the same package as the IC die and connected through wire bonds [12]. 

 

 

Figure 4: Three BAW's connected to a Die [13] 

 Used under fair use guidelines, 2011.  

 

 

2.2.2.2 High Frequency Envelope Detection 

 An amplification of an RF signal is often needed for the envelope detection. Instead of using an 

RF amplifier (which dissipates power), it can be accomplished with a voltage multiplier like a Cockcroft-
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Walton circuit [13]. The Cockcroft-Walton Multiplier was first developed for generating large DC 

voltages for particle physics experiments in 1922 by John Cockcroft and Ernest Walton. Although 

designed for high power applications this circuit is also useful for low power circuits as well. Functionally 

the Cockcroft-Walton multiplier works on the same principle as a voltage doubler, just with some 

number of stages stacked in series.  The modeling of this multiplier circuit at UHF [14] shows the 

maximum sensitivity of the receiver with the multiplier circuit to be -32dBm [14]. Figure 5 shows a 

circuit diagram of their work. From the antenna in they have a power matching network to ensure 

maximum power transfer of the received RF signal. Next they have an N stage Cockcroft-Walton voltage 

multiplier. The DC output voltage of this circuit is ideally 2N times larger than the peak to peak input RF 

voltage. However, there are losses in the diodes which prevent this. Their work intends to generate a 1 

V output. If the output voltage can be detected as a smaller voltage, then the sensitivity could be 

improved. The circuit has also been applied for supplying the operating power for very low power 

applications such as RFID [15]. 

 

 

Figure 5: Cockcroft-Walton Wake-Up Circuit [17]  

Used under fair use guidelines, 2011.  
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2.3 Identification of Nodes to Wake up 

 Existing wake-up receiver designs based on the Cockcroft-Walton Multiplier have a similar signal 

chain from the antenna through the multiplier, and into some sort of detector with a digital output. 

However, the output of the detector is used in different ways. Most commonly a microprocessor is used 

to read the output of the detector. This output has been used directly as an interrupt [16], but this 

requires every wake-up receiver on the network to wake the processor when the carrier is detected on a 

predetermined channel. It also requires each processor to stay active for the decoding of the entire of 

the wake-up packet to decode the incoming OOK message [17]. Simply using the wake-up receiver as a 

carrier detection circuit also requires that a channel is dedicated to wake-up communication only, 

limiting the channels available for the active nodes to use for communication.  

 Another approach proposed has been to use multiple multiplier circuits in parallel; each 

input filtered to receiver a different frequency [18].  Using this method the presence or absence of the 

carrier at each frequency can be used identify the specific node the hub is trying to wake-up. This has 

the benefit or only waking a single node on the network and not all, saving power. The unused wake-up 

channels can possibly be used for data communications with possibility of accidentally waking up other 

nodes.  

However, this system requires a larger footprint on the die. As the number of nodes on the 

network grows the number of multiplier circuits needed increases as n where: 

                   

The use multiple channels in the band to wake a single node on the network is also a very inefficient use 

of the available RF spectrum. 
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Using the processor on the node to decode the incoming signal for node addressing removes the 

need for a dedicated wake-up channel and/or having multiple multipliers. The processor input is still 

used as an interrupt but after the processor is active, it can decode the incoming signal either using on-

off keying (OOK) or pulse width modulation (PWM). The main drawback of this system is that the 

processor for every node in the network has to wake up and decode each wake-up signal on the 

network as well as false wake ups when the carrier for a normal packet is detected in the same channel. 

Since it will only stay awake and perform the requested function if it correctly reads the ID for that 

specific node this does not hurt the operation of the system. Instead the constant use of the processor 

wastes power unnecessarily. In several papers discrete microcontrollers have been used to this end. For 

a TI MSP430 which is a low power processor, the power consumption changes from 440nW to around 

1mW when switching to active operation [19].  

The wake-up receiver proposed in this thesis attempts to address these problems. The proposed 

receiver has a simple and dedicated decoder for identification of nodes, which decodes the wake-up 

packet received and wakes up only the designated node.  

 

 

Figure 6: Diagram of Wake-Up Receiver with Microprocessor 

 

 Another issue with the multiplier circuit is that it has wideband operation. This requires the Q of 

the initial filter to be sufficiently high such that the adjacent channels not being used to wake-up signals 

are filtered out. Due to the limitations for the Q of on chip inductors, it has been proposed to use a BAW 
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[6] to achieve a high Q input filter for RFIC designs. A BAW can have a Q from several thousand to 

several million, allowing for a very narrow band filter to be created.  

 

 

Figure 7: RF Envelope Detector with base band amplification [12] 

 Used under fair use guidelines, 2011.  
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3. Architecture and Operation of the Proposed Wake-Up Receiver 

The proposed architecture for this wake up receiver combines the use of a carrier detection circuit 

and the proposed Serial Code Detector to read data from the carrier. Following the signal path from the 

antenna, there is a matching network and filter for maximum power transfer and to filter out adjacent 

channels.  Next in the signal path is a Cockcroft-Walton multiplier which works like a charge pump to 

create a DC voltage from the received RF signal [20] [21] [22].  After the multiplier, there is an over-

voltage circuit to prevent the DC voltage on the output of the multiplier from rising to levels where it 

could damage the system. A DC detector circuit generates a digital output from the carrier pulses 

received and converted to DC pulses. The serial code detector allows for pulse width modulated data to 

be read from the carrier without any form of synchronization. The serial code detector then generates 

an interrupt to wake the node’s processor and main RF block to respond to the wake-up signal as 

needed. 

 

Figure 8: Proposed Signal Chain 

3.1 Matching Circuit and Multiplier 

 The matching circuit connecting the antenna to the rest of the circuit serves two functions. First 

it matches the input impedance of the multiplier to the antenna. This provides maximum power transfer 

of the received signal. Secondly the matching circuit filters out other frequency bands so only the carrier 

in the channel designated for wake up signals will be detected. For adjacent channels to be filtered out 
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the Q of the matching circuit must be sufficiently high. For wide channel spacing the LC network used is 

adequate but if the application requires the channels to be closely spaced a better filter will be required. 

 Next in the signal chain a Cockcroft-Walton multiplier, constructed of N stages where each stage 

doubles the output voltage of the circuit. However, for large numbers of stages, losses from the 

capacitors in each stage, especially near the input cause the output voltage to ‘sag’.  A single stage of the 

multiplier is shown in Figure 2.a. When the polarity of the input voltage is negative, a current is 

conducted through D2, charging up the capacitor C2. Then when the polarity of the input changes the 

charge on C2 conducts through D1 to charge C1. The voltage on the input plus the voltage across C2 

yields twice in input voltage on C1 for 10 V in this case, as a voltage doubler should operate. The 

operation of this multiplier is the same as additional stages are added, allowing for the input to be 

multiplied to a large voltage. 

C1AC

C2

AC

C2

C1AC

C2

-

+

+

-

+-

+

+-

-
5V

5V

10V

5V

 

Figure 9: Cockcroft-Walton Multiplier Operation 

Up till this part in the circuit all of the circuit elements are passive [4]. This means that there is no 

active current or leakage current for the RF front end of the receiver. Among several DC sensing circuits 

proposed so far [1] [6][7][8][10], the most basic design is a series of inverters, which yields a digital 

output. The inverter in [2] has a sensitivity of around -30 dBm and a static current consumption of 2.6 µA. 

The power consumption sensitivity level of -72 dBm with 52 µW power consumption has been achieved 

I 
I 
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on chip at the cost of increased complexity [10]. A discrete comparator was used for -65 dBm with 2.8 µW 

[6]. An integrated solution in [7] has a sensitivity of -31 dBm with a current of only 900 nA. 

 

Figure 10: Passive RF Front End 

3.2 Signal Decoding Block  

 To determine if the received wake-up packet is addressed for the wireless node the packet must be 

decoded and the node ID compared to the nodes unique ID on the network. All of the wake-up receivers 

previously analyzed, the packet data is simply sent to a processor to be checked against the node ID. This 

requires a processor in every sensor node on the network to wake to check the ID before returning to 

sleep. By comparing the received ID to the node’s ID, only the processor on the requested node is woken 

up. 

3.2.1 Operation 

 The main contribution of this paper is the combination of the carrier detection circuit and a node 

identification circuit as described in the following. The digital data from the DC detector circuit is applied 

into a pipeline of nf D flops as shown in Figure 4, where nf is the number of bits needed to uniquely 

identify each node on a WBAN. Because there is no clock signal, the input from the DC detector is delayed 

through a series of buffers before its rising edge can trigger the flip flops. The delay of these buffers    is 

significant and will be discussed later in more detail. Once the data in the flip-flops matches a preset 
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identifier in a register, or some other memory device, an interrupt is sent to the node processor, which 

resets the pipelined flip-flops, and turns on the primary transmitter and receiver. It can then respond to 

the hubs wake up request, and handle any necessary tasks before disabling the primary receiver and 

returning to sleep. 

 

Figure 11: Low Power Serial Code Detector Circuit 

A typical scheme for timing is established through an alternating sequence such as 101010… at the 

preamble of the message, which is used to synchronize the receiver. The scheme is widely used, but 

requires a level of sophistication beyond what is needed for a simple wake-up receiver. Other methods 

such as pulse interval encoding have been proposed [1], but require a constant clock to determine the 

length of these intervals. Instead, we propose adoption of pulse width encoding to differentiate 

between logical one and zero.  The different widths are used such that the delay    is longer than the 

short pulse (logical 0), but shorter than the long pulse (logical 1). This means that when the flip-flop 

reads the input after    time delay, a long pulse keeps the input high, but the short pulse has gone low 

already. This scheme allows for a binary message to be received by the receiver without synchronization 

or using a timer.  
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The timing diagram in Figure 5 shows the carrier pulses charging up the RF front end and the 

resultant output of the DC detector. Note that the setup and hold time of the flip-flops is short 

compared to the pulse widths and time delay. Figure 6 shows clock signal generation, where the input 

signal is delayed through a buffer chain to create the clock signal. 

 

 

Figure 12: Long and Short Pulses Detected  

 

Figure 13: Clock Signal Generation 
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3.2.2 Communications Protocol 

One difficulty with the proposed system is that the strength of the carrier signal decreases with 
 

  
 as 

the receiver moves away from the transmitter. Although the distance in a WBAN should not exceed two 

meters [5], this still affects the received power. A wake-up receiver closer to the transmitter charges its 

voltage multiplier more rapidly, yielding longer pulse widths for both the short and long pulses. Likewise a 

receiver far from the transmitter has shorter pulses. To solve this problem, we propose that the initial 

wake up signal sent from the hub uses the minimum power and carrier pulse width. If the hub receives no 

response from the node, then it successively increases the transmission power or pulse width until a 

response is received from the node.  Initially all of the pulses should be relatively short causing the circuit 

in Figure 3 to read all zeros. As the pulse width increases in steps less than   , the correct node reaches 

the threshold, where the long and short pulses are read correctly as ones and zeros regardless of its 

proximity to the transmitter. If the increase in the pulse width is larger than   , there is a possibility of 

reading all zeros and then all ones in two successive messages and not correctly receiving the actual 

signal.  

 If the range of the network is extended further, this problem becomes more pronounced, and the 

latency of the system increases as the system takes longer to sweep the entire pulse widths. Two 

solutions are possible to this problem. First, the hub can remember the required pulse width of the target 

node at the last transmission and starts from only a slightly smaller width than the required one. 

Assuming that the path to that node does not change dramatically between two successive wake-ups it 

should only take several tries to wake the node starting from minus one or two    pulse widths from the 

previous message. Secondly, two or more serial code detectors are implemented in parallel receiving 

data from the same DC detector, effectively dividing up the search space.  Each detector should have a 

different buffer delay,    and     , which allows for the correct pulse width to be found more rapidly, 

reducing the latency 
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3.2.3 Wake-Up ID Packet Structure 

The wake-up ID packet should be as simple as possible to keep the length of the packet small. At 

a minimum, the packet must consist of a header, and the ID of the node which is being requested by the 

hub. The header is to ensure that the full packet has been decoded by the serial code detector and not 

half a packet being shifted in or out. The contents of the header must be reserved, and not duplicated in 

the rest of the packet. Otherwise when a new packet was being received, it would shift to the head of 

the packet, and cause an unnecessary wake-up. As seen in Figure 14, for the header 1001, the node ID 

for every node on the network cannot start with 001, or end with 100.  

1001xxxxx 

1001001x-forbidden, header repeats in packet 

Xxxxxx100 – 1001xxxxx – forbidden previous packet causes header to repeat 

Figure 14: Restricted Node ID's 

The heart of the packet is the node ID. The length of the node ID is determined by the maximum 

numbers of nodes on the network where     (   )  (   ) is the maximum number of nodes on 

the network for n bits in the ID.  The   (   ) term removes all of the restricted ID’s starting with 001 or 

ending with 100 for the header value of 1001 to prevent unnecessary wake-ups. To remove any ID’s 

which contain the header within itself the  (   ) term is added. Figure 15 illustrates the packet 

structure with the preamble, node ID, and potentially a parity bit for error checking. 
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Node ID
01011….

Parity 
Bit

Preamble
100

Figure 15: Sample Wake-Up Packet 

3.2.4 System Level Design Constraints 

 There are several design constrains on a wake-up receiver for it to be practical for use in a real 

application. First the sensitivity of the receiver must be high enough that the signal can be recovered 

with the given source transmit power and maximum path loss. This may also include path losses through 

body tissue in the case of medical implant devices which will attenuate the signal more than free space. 

 Another constraint pertains to the channel used for the wake-up signals and the data packets on 

the same channel and/or adjoining channels. The wake-up packet is usually sent at a slower rate, 1kbps-

100kbps, than the data packets which can be transmitted at 10Mbps [23]. If the frequency selectivity on 

the input of the wake-up receiver is low, then the data packets from the adjoining channel may cause 

enough noise to corrupt the wake-up packet.  If there is error checking in the wake-up packets such as a 

parity bit this will help prevent unnecessary wake-ups but it will increase the latency of the wake-up 

packets have to be send repeatedly. 

 The latency of the system must also be low enough for the wake-up receiver to outperform 

duty-cycling of the main processor for the same power savings. For the power savings to be equal 

between duty-cycled operation and an ultra-low power wake-up receiver, the duty cycle period will 

have to be longer than the latency of the wake-up receiver. The system can wake quickly once the wake-

up packet is decoded, on the order of several microseconds [24]. The latency of the system may be 

constrained for the given application but this can be traded for power consumption by using a different 

wake-up receiver topology.  
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4. Design of Proposed System 

The design of the proposed wake up receiver will be discussed starting from the receiving antenna 

and matching network and then follow the signal path through the multiplier circuit, DC detector, and 

serial code detector.  

Cockcroft-Walton 
Multiplier

DC Detector Serial Code Detector

RF 
Antenna

Interrupt to
 Processor

Node ID

 

Figure 16: System Schematic  

4.1 Discussion of Technology  

 For this design the National Semiconductor 180nm process has been used although this process 

lacks Schottky diodes which are preferable for this design. Instead diode connected NMOS FET 

transistors are used for the Cockcroft-Walton multiplier. The design was simulated with an off chip 

inductor for a higher Q although an on chip inductor could be used. 
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4.2Matching Network 

The antenna’s 50 Ohm impedance needs to be matched to the input impedance of the 

Cockcroft-Walton Multiplier for maximum power transfer.  For this to be done the input impedance of 

the multiplier must first be found by measuring the S-Parameters.  

 

 

Figure 17: Multiplier Circuit S-Parameters 

                    

                         

                         

                     

These measurements are then used to calculate the input reflection coefficient. 
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     With the input reflection coefficient the input impedance can easily be found using the normalized 

impedance of 50 Ohms. 

      
    
    

                   

     For this application a relatively high Q is desired for the matching network to filter out any adjacent 

channels so only the target carrier frequency will charge the multiplier circuit. A π match is used to allow 

for control of the Q. The value of each component can be found from the following equations where X3 

is an inductor and the rest are capacitors.  
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Figure 18: Pi Match Schematic 

 

Figure 19: S11 of Multiplier circuit with Matching Network 
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This provides a good match at the target frequency with an s11 of -46dB at 2.4GHz. However, this is for 

an ideal inductor. Assuming the Q of the inductor is 100, which is more practical of an off chip inductor, 

we get an s11 of -10dB. 

   
  

 
        

 This is still a reasonable match and can be seen in Figure 20 compared to the lossless inductor. 

 

Figure 20: Matching Network with and without inductor resistance 

     The addition of the inductor resistance also turns this matching network into a lossy network as seen 

by the s21 in Figure 21. The network was simulated to have a loss of 2.5dB at 2.4 GHz. If the inductor 

was implemented with a low Q on chip spiral inductor this loss would be higher. If available a high Q 
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filter could be implemented with an acoustic resonator. This could be implemented in the same package 

and connected by bond wires as in [6]. 

 

Figure 21: S21 of Impedance Matching Network 

 

4.3 Cockcroft-Walton Multiplier 

Envelope detectors are a well-known circuit for receiving AM signals. The simplicity of such 

circuits makes them desirable for low power wireless applications.  A Cockcroft-Walton multiplier circuit, 

shown in Figure 22, enables a carrier to be detected by charging up a DC voltage when receiving an AC 

signal. This works like an envelope detector if the information in the carriers transitions slowly 
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compared to the charge time of the multiplier circuit with the benefit of not needing active 

amplification. 

1 pF 1 pF 1 pF 1 pF

1 pF 1 pF 1 pF 1 pF 1 pF 1 pF

1 pF 1 pFInput

Output

Figure 22: Cockcroft-Walton Multiplier Schematic 

 The output voltage of the multiplier circuit is a function of the number of stages and the voltage 

drop of each stage. This can be estimated by following equation neglecting losses. 

                  

The voltage drop       is also dependent on the load current and can be calculated as. 

      [
     
   

]  (         ) 

Where C is the stage capacitance, f is the AC frequency, and       is current through the load. 

The DC output will also have an AC ripple which is fed through from the input. This ripple can be 

calculated as  

        [
     
   

]  (   ) 

 For an input of 0.2 volts peak to peak and 6 stages the output voltage of our multiplier should 

be.  

             [
    

            
]  (           )        
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 This matches closely to the simulation results shown in the next section. A more accurate model 

for a Cockcroft-Walton Multiplier shown below is given in [20]. This model takes into account the diode 

characteristics and uses Bessel and the Lambert W functions if a precise analytical solution is needed but 

for design purposes it is more efficient to use the simple model above and then tune the design using a 

CAD simulation package.  

       (
      (

   
   
)

     
 
    
     )          

 More stages can be added to the multiplier to increase the gain for better sensitivity. However, 

the losses from the diodes increase with the number of staged with a cubed and a squared term for 

diminishing returns. Also increasing the number of stages increases the design cost as the size of the 

receiver on the die will increase. 

  

4.4 Over Voltage protection. 

 The DC output of the multiplier is dependent on the number of stages in the multiplier, but also 

the RF power level. The sensitivity of the receiver is low compared to active receiver designs, and an 

input of -10dBm is required to generate a DC voltage of several hundred millivolts where it can be 

detected by the rest of the circuit. However, if the RF power is large the DC output could easily reach a 

voltage where it could damage components. This is not surprising, since the original application for the 

Cockcroft-Walton Multiplier was to generate kilovolt DC levels for particle physics experiments.   

 To prevent high voltages from damaging the circuit, over voltage protection is included to bleed 

off current when the voltage surpasses a set threshold.  The simplest design is a diode to ground. When 
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the voltage reaches the threshold voltage for the diode it will begin to conduct current, keeping the 

voltage at safe levels. However, the turn on voltage of a single diode is low (~0.7V), so several diodes can 

be connected in series to raise the voltage at which all of the diodes begin to conduct. In addition to 

bleed off current faster the nodes between those diodes can be used to turn on NMOS FETS connected 

to ground. 

 

 

20 kΩ 

20 kΩ 

1 pF

Input

Output

Figure 23: Over Voltage Protection Circuit 
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Figure 24: Over-Voltage Protection Kicking in at 1.6V 

4.5 DC Detector Circuit 

 The DC Detector circuit is needed to detect when the output voltage of the multiplier 

circuit reaches a certain threshold. Because the RF power received by the antenna is unknown, it is 

difficult to predict what the voltage on the output of the multiplier circuit will charge too. To improve 

the sensitivity of the receiver the DC detector’s threshold is set to 0.1 V. The figure below shows the 

schematic for the DC detector with an inverter following for an active high output. The section of the 

circuit inside the box is a beta multiplier which is used to generate the bias voltages for the PMOS loads 

for the two inverter stages. In a fully integrated design these bias voltages may available from a global 

voltage bias to reduce power consumption.  
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Figure 25: DC Detector Schematic 

4.6 Serial Code Detector 

 The serial code detector decodes the wake up ID for the wireless sensor node from the pulse 

width modulated signal. This detector consists of three components. A buffer chain to delay the input 

signal, a series of D-flip flops to store each bit in the packet, and the combinational logic to compare the 

contents of the flip flop to the node’s ID.  

Beta Multiplier Bias Circuit 
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Figure 26: Serial Code Detector Schematic 

4.6.1 Delay Buffer Design 

 The delay of the buffer chain must be larger than the short pulse,   , while shorter than the long 

pulse,   . To achieve this long delay the capacitance is increased between the two inverters of each 

buffer stage.  This is accomplished adding a capacitor after each inverter, increasing the parasitic delay. 

Lowering the drive of the first inverter also increases the delay of the buffer by making the buffer take 

longer to charge up the capacitance between the inverters.  
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Figure 27: Delay Buffer Stage Schematic 

 Transistors M5 and M8 are used to lower the power consumption of the circuit and can be used 

to further reduce the drive of the inverters if needed with an external voltage reference.  

4.6.2 Pass-Gate Flip-Flop Design 

 The pipeline of D-Flip Flops can be implemented with any standard cell design, but to improve 

the power consumption they were designed using pass gates. Pass gates have the benefit of no static or 

dynamic power consumption. Only the inverter stages between pass gates conduct current from Vdd to 

ground.  The number of flip-flops in the pipeline is equal to the number of bits in the wake-up packet. 

Each bit is sequentially shifted through the pipeline until the entire wake-up packet is stored in the flip-

flops. The setup and hold time of the flip flops is sufficiently small compared to the pulse width and 

period of the incoming signal that it can be ignored. 
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Figure 28: Pass Gate Flip Flop Schematic 

 

4.6.3 Combinational Logic and Node ID storage 

 The contents of the flip flop are compared to a present value via combinational logic. The 

present value, which is the nodes unique ID, may be the contents of a memory address, register, or 

other memory type accessible on the IC. It should not be hardwired because this would not allow for 

different nodes to be programed with their own unique address. The output of each flip-flop is XNOR’ed 

with the preset value. When the received packet matches the preset node ID all of the XOR gates yield a 

low input which are AND’ed together. However, to prevent an AND gate with a large number of inputs, 

it is broken up into two layers of logic with NOR gates feeding into NAND gates.  
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5. Circuit Simulations 

The main performance parameters of wake-up receivers are the power consumption, sensitivity, and 

the latency of its response to the hub. The two parameters are often traded as for the case of duty cycled 

wake-ups. The more often it wakes up, the shorter the latency is, but the larger the power consumption. 

The sensitivity of the receiver determines how powerful the hub transmitter must be. If a hub has a larger 

power budget, a design with a lower sensitivity and hence more power efficient, can be used. 

The proposed serial code detector circuit was designed and simulated using National 

Semiconductor 180nm CMOS technology. To reduce the leakage current, the flip-flops use pass gates, 

and the buffers and digital logic operate with a raised threshold voltage. The increased delay from the 

raised threshold voltage is acceptable due to the low bit rate of the message. In fact, it is beneficial for 

the delay buffer due to a longer delay for each stage. 

 

5.1 Transient Analysis 

 The transient response of both a long and short pulse can be seen in Figure . The incoming RF 

pulses are at 2.4GHZ, with a short pulse width of 100ns and a long pulse width of 1µs. The Cockcroft-

Walton multiplier output is labeled and reaches 0.5 volts to be detected by the DC detector circuit. The 

DC detector output pulses are longer than the incoming RF pulse because the Cockcroft-Walton 

multiplier charges up to the DC detectors turn on voltage quickly but because of the high impedance 

load the charge on the output takes longer to dissipate, causing a longer pulse. The output of the delay 

buffer can be seen delayed 500ns after the output of the DC detector. 
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Figure 29: Transient Simulation 

 

 

Figure  shows the DC detector output again with the delayed copy of it self while receiving six 

bits. Below it in Figure  the output of the first flip flop is shown on the same time scale for comparison. 

Notice that the time between pulses can vary and not have any effect on the output. After receiving 

these six bits the contents of the first six flip flops reads 010101.  

 

 

 

 

 

CW Multiplier 

DC Detector Output 

Delay Buffer Output 
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Figure 30: Pulse Width Modulated Signal and Delayed Copy 

 

Figure 31: Flip Flop Output 

 

5.2 Power Analysis  

The simulation results indicate that the leakage current of the entire serial code detector is about 1 

nA with a 0.9 V supply. When the code detector receives a message with a bit rate of 200 Kbps, the 

average current is 1.65 µA and power consumption of 1.489 µW. Figure  shows the current profile while 

receiving the data. Each current spike correlates to a carrier pulse being received and trigging the clock 

for all of the flip-flops.  
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Figure 32: Transient Power Consumption when receiving a message 

Table 1 shows the power consumption of a typical microcontroller, and the proposed serial code 

detector. A Texas Instruments low power microcontroller MSP430 dissipates 440 µW in active mode. 

Our serial code detector dissipates only 1.48 µW, for a power dissipation two orders of magnitude less 

than that of the microcontroller. So that our serial code detector can save power significantly by not 

waking up a microcontroller for identification of nodes. However we can assume that the node will still 

need a processor so the leakage power of the node while sleeping will still be increased with the 

addition of the wake-up receiver, but in this case, by only 1 nW. 

Table 1: Power Consumption of Decoding Blocks 

Block 

Leakage 

Power 

Dynamic 

Power 

MSP430 (LMP4 and Active Mode 

at 2.2V) 

220 nW 440 µW 

Serial Code Detector  
1 nW 1.48 µW 
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We illustrate a wireless network with 20 nodes to compare our wake-up receiver to an existing system 

based on processors for node identifications. Let’s suppose that the wake up signal takes 1 ms to process 

for the existing system and for our wake-up receiver, and the target node is further processed for 30 ms 

for our system.  An existing system with the above microcontroller consumes 440 uW for 1ms for each 

node for the node identification, and the total power consumption for 20 nodes is 8.8 mW. The proposed 

serial code detector consumes 1.48 uW for 1 ms and 29.6 µW for 20 nodes. After all the nodes on the 

network have decoded the wake up signal for our system, only the target node wakes for 30 ms to 

consume 440 µw for 30 ms. The proposed wake-up receiver scheme saves energy by about 300 times 

compared with an existing system.  

Existing systems using a microprocessor to decode a received wake up signal consume more power 

than the proposed serial detector, but incur less latency. Pulse interval encoding [1] or other encoding 

schemes are able to wake up nodes and respond quickly regardless of its distance to the hub because as 

long as the SNR of the received signal is high enough, the signal can be decoded.  In contrast, the 

proposed serial code detector and the associated protocol rely on successive transmissions until the 

node can wake up to respond. Theoretically the target node can respond after one request from the 

hub, but is likely that multiple tries will be needed. The number of tries needed is determined by the link 

budget of connection, the time delay of the buffer chain, and the difference in pulse widths between the 

large and small pulses. Further, the latency of our system increases as the wake up time of the node 

increases. However, the increase can be as little as 3 µs [3], which can be acceptable for a WBAN 

system.  

The results of this work as well as other recent publications on wake-up receivers are listed in Table 2. 

Also the power consumption is plotted versus the RF sensitivity in Figure . The power consumption of 

our system includes the serial code detector which only consumes an additional 1.48 µW while receiving 

a packet, for all of the other receivers in the comparison a processor on the node has to be used. 
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Although the node will have some low power processor its power consumption will be much closer to 

the 440 µW of the Texas Instruments MSP430 than the serial code detector. The sensitivity is not the 

only metric by which to judge the receivers performance but it correlates highly with the power 

consumption. When including the fact that the proposed design decodes the incoming packet 

independent of any processor on top of the low power consumption this work exhibits ultra-low power 

consumption with a modest data rate of 200kbps.  The only caveat is the low sensitivity compared to 

other designs.  

Table 2: Comparison with other Designs 

 Power 
Consumption 

Sensitivity Data Rate Architecture 

This 
Work 

1.0 µW -28dBm 200kbps Serial Code 
Detector/envelope 

detector  

[17] 1.35 µW -28dBm 33kbps 
Cockcroft-Walton 

Multiplier 

[11] 2.4 µW -71dBm 9kbps Direct Down Conversion 

[18] 2.6 µW -29.3dBm n/a 
Cockcroft-Walton 

Multiplier 
[6] 52 µW -72dBm 100kbps Uncertain IF 

[5] 56 µW -75dBm 100kbps 
Super-Regenerative 

Receiver 

[9] 123 µW -86dBm 10kbps 
Double Sampling RF 

Power Detector 

[4] 126 µW -65dBm 50kbps Passive Quadrature Mixer 
[25] 230 µW -60dBm 1Gbps Duty Cycled Operation 

[7] 415 µW -82dBm 500kbps Duty Cycled PLL 

[12] 26 mW -90dBm 50kbps BAW Resonator Based 
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Figure 33: Comparison of Wake-Up Receivers Performance 
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6. Future Work 
 Due to foundry issues this circuit has not been fabricated. Therefor to fully prove this design it 

should be fabricated and measured to ensure that the circuit matches the simulations for performance. 

By testing the functionality and measuring the power consumption, latency, and sensitivity the accuracy 

of the simulated values can be found. Also this work was not targeting a specific application so there 

were no target specifications for overall performance. Instead the design focused on lowering the power 

consumption as much as possible.  

 Also this work is centered on the serial code detector and the pulse width modulation 

communication scheme. To achieve a higher performance wake-up receiver while still saving power 

decoding the signal the serial code detector can be applied to other envelope detector topologies to 

replace decoding the signal with each nodes processor.  
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7. Conclusion 
 A wake-up receiver can be used to improve the battery life of a wireless sensor node. By putting 

the main RF transceiver to sleep and listening for wake-up signals the node can use less power and have 

less latency than with duty cycling the operation of the main transceiver. There are several available 

topologies for wake-up receivers. Primarily OOK envelope detectors and FSK super regenerative 

receivers. Envelope detectors can offer very low power consumption but tend to have poor sensitivity 

while a super regenerative receiver has better sensitivity but with higher power consumption.  

 A novel wake-up receiver has been proposed which combines an envelope detection Cockcroft-

Walton circuit with a serial code detector and pulse width modulated OOK communication protocol to 

function as a very low power wake-up receiver, without the need for a local oscillator or processor to 

decode the incoming packet.  The serial code detector has an idle power consumption of only 1nW and 

1.48µW when receiving a packet.  Combined with the power consumption in the front end this wake-up 

receiver only consumes 0.8 µW between wake-up packet transmissions.  The latency of the receiver 

depends on how many tries the hub has to make to find the correct transmit power level or pulse width 

for the distance of the wireless node but on a body area network only 2 or 3 tries should be needed. A 

single wake-up transmission takes 18 µs so we can approximate the latency to be 45µs. The data rate of 

500kbps for long pulse widths of 1µs, but as the pulse width is increased to communicate with more 

distant nodes the effective bitrate will decrease.  

 This design achieves very low power consumption through its use of a passive RF front end but 

has lower performance than other higher power designs as would be expected. This design which 

targets applications where battery life is critical can also have its performance improved by adding an 

amplifier before the envelope detector trading off power consumption for better performance.  
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