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Abstract 

As integrated circuit technology as well as intelligent computing technology 

advances, sensor networks which can monitor environments, systems, and 

complicated interactions in a range of applications are becoming widespread. Wireless 

Body Area Network(WBAN), which can provide medical, assisted living, sports and 

entertainment functions for human being, is now enabled and is gradually matching 

the needs of society. 

 

The realization of the WBAN sensor nodes requires ultra-low power wireless 

communication capability and small area cost. In order to optimize sensor nodes 

lifetime in WBAN, a duty cycle controlled wake up receiver is proposed in this paper. 

The receiver is designed to operate with low accuracy frequency references, enabling 

low power and low cost wireless sensor nodes. Envelope detection architecture is used 

here to demodulate the on-off keying signal due to its low power consumption.  

 

The receiver front end is duty cycled at pulse level, by which the power 

consumption decreases dramatically. This paper presents the design of a duty cycled 

wake up receiver with minimized power consumption while keeping adequate 

sensitivity to detect the input signal. The circuit is designed using 90nm CMOS and 

the simulation result shows a sensitivity of about -64dBm at 400MHz with a power 

consumption of 30uW at 0.5V power supply. 
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1.1 WBAN Structure 

 

 Chapter 1 Introduction 

As integrated circuit technology as well as intelligent computing technology 

advances, sensor networks which can monitor environments, systems, and 

complicated interactions in a range of applications are becoming widespread. Wireless 

Body Area Network (WBAN), which can provides medical, assisted living, sports and 

entertainment functions for human being, is now enabled and is gradually matching 

the needs of society.  

WBAN consists of a series of miniature sensor nodes that are used to monitor 

vital signals such as temperature, heart rate, brain activities and electrocardiogram. 

Each sensor has enough intelligence to gather, store and process data, and is able to 

communicate with other sensor nodes or body aggregator which performs a lot of 

functions such as sensing, gathering data, serving as a user interface, and bridging 

WBAN to higher level infrastructures [1]. 

Compared with traditional wire-based monitoring system, WBAN based body 

monitoring system has the following advantages [2], 

1. the mobility of patients due to use of portable monitoring devices 

2. location independent monitoring facility 

1.1 WBAN Structure 

Figure 1.1 shows a common structure of WBAN system. It can interact with 

existing systems such as networks in hospitals and retirement communities. The 

WBAN sensor nodes are wearable or implanted into human body. Every sensor node 

is designed to achieve the functions of (1) sampling various types of signals, including 

chemical, physical, biological, and etc; (2) implementing basic signal processing 
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1.2 WBAN Sensor Node Implementation Requirements 

algorithms, such as filtering, amplification, feature recognition; (3) buffering the raw 

signal data or processing results; (4) collecting data and forward it to the so called 

“Personal Server” central node, which is also known as “body gateway”, or “sink 

node”. 

 

Figure 1.1 Common structure of WBAN system [1] 

According to different application requirements, the central Personal Server can 

either response the data results to the user, or hand them over via public facilities, 

such as WIFI, GSM, and etc, to a higher level unit, which can be a real-time monitor 

for inspecting, or a database to store the data for future use. For instance, a mobile, 

PDA can all be such a mentioned Personal Server. 

1.2 WBAN Sensor Node Implementation Requirements 

Figure 1.2 shows the WBAN sensor node structure.  
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1.2 WBAN Sensor Node Implementation Requirements 

 

Figure 1.2: Sensor node structure of WBAN [1] 

A normal sensor node consists of six major parts. 

1, Real sensing device, converting nature signal into micro-electronic signals 

2, A/D convertor, sampling and quantilizing the analog signal into digital logical 

signal 

3, Power providing device 

4, Signal processing unit 

5, Memory storage unit 

6, Communication unit 

Based on different environments and requirements, sometimes actuators are 

necessary to the sensor nodes. Motors, insulin pump, or digital switch may be needed 

to achieve certain function. Comparing against regular wireless sensor network node, 

a WBAN has its own feature regarding to the sensing and communicating procedures. 

Small size: Wearable or implantable WBAN nodes will need to be small for ease 

of use and safety. 

Low power: the sensor node, for instance an implanted biosensor, needs the 

power to maintain its data collecting or signal processing activities. Due to the special 

physical environment it locates, minor power consumption is highly required. Normal 
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1.2 WBAN Sensor Node Implementation Requirements 

general processor with current battery technology can support the sensor working for 

only 3 days; however, special designed processor with low power feature can keep the 

sensor operating for as long as one decade without changing battery. 

Safety: The implanted or wearable bio sensor has to be safe to human body. No 

physical damage should occur. Applications running on the sensor which has strict 

safety constraints must provide proper operation to tolerate the corresponding faults 

Security & Privacy: 

Serious consequences might happen with unauthorized access or manipulation of 

system. WBAN will need encryption to protect sensitive and private information of 

users. 

Concerning only with receiver front end of WBAN sensor node, the key 

hardware implementation requirements are: 

Small size 

Low cost 

Low power 

Signal transition is essential to sensor node coordination. For the safety of human 

body, WBAN is unique in that they attempt to restrict the communication radius to the 

body’s periphery. Power supply of sensor nodes can be reduced with limiting 

transmission range which also helps maintain privacy. Here for this project, the 

communication frequency is 400MHz. 

Nowadays the total block size is limited by energy storage unit due to the small 

size of other electronic components. So the sensor node size can shrink with the 

reducing power supply. Also, highly integrated circuits can simultaneously reduce 

both size and cost.  
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1.3 Thesis Organization 

As described before, a sensor node has multitude functions such as sensing, 

processing, actuation, etc. Among these functions, the wireless communication energy 

is a dominant part. [4] Therefore, in order to achieve the goals of implantable sensor 

nodes, reducing transceiver power consumption is an important issue. 

Minimizing the energy is a high priority task through data processing and 

communication. Transmitting and receiving every bit will consume certain amount of 

power. A formula is summarized to estimate the energy per bit as following: [5] 

Power Power (Turn-on+Turn-off time)Energy per bit=
Data rate Packet length in bits

×
+                (1.1) 

Seen from Equation 1.1, high data rate and large packet length with low power 

supply and short turn on/off time would result in the reduction of power consumption 

per bit. Apart from wake up controlling (discussed in section 2.1), duty cycling a radio 

at signal processing level (discussed in section 4.2) would also result in the decrease 

of energy power consumption. 

 

1.3 Thesis Organization 

The goal of this research is to design and implement an ultra low power receiver 

front end for WBAN sensor nodes. This chapter discussed basic knowledge of 

wireless body area network and the implementation requirements of the receiver front 

end. 

Chapter 2 will discuss the communication protocol control for the wake up 

receiver for this system. Possible receiver architectures are presented and compared.  

Chapter 3 describes the limits of integrated inductors. FBAR is introduced here 

and is used to build the matching network in this design. 
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1.3 Thesis Organization 

Design and implementation of circuit is shown in Chapter 4 with simulation 

result and sensitivity calculation.  

Finally, chapter 5 summarizes the thesis work.  
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2.1 Duty Cycle Control 

 

Chapter 2 Wake-Up Receiver Design 

In Chapter 1, we discussed that duty cycling control is an effective way of saving 

energy. Thus, wake-up receiver is designed here for the WBAN sensor node. However, 

there is synchronization problem for duty cycle control: when should the sensor nodes 

switch their states from sleeping mode to wake up mode? 

Currently, there are several communication protocols for ultra low power 

applications, for example, Zigbee, Bluetooth, and OOK, among which, OOK radio is 

the most power-saving choice. A comparison is made here between OOK radio 

receiver architecture and traditional receiver architectures.   

2.1 Duty Cycle Control 

To solve the timing problem of “wake-up”, protocol based method is used here. 

There are various protocol control algorithm to initiate the communication which is 

controlled by transceiver back end processor. Figure 2.1 shows a working principle of 

the communication protocol initiated by transmitter as an example. The receiver is 

activated periodically by a timer to check the status of the communication channel. It 

will turn back to sleeping mode in case that no signal is received. If the transmitter 

needs to send messages to the receiving node, first it needs to send transition request 

periodically to make the receiving node aware of the transition. The receiving node 

will send an acknowledge signal back once it receives the transition request and turns 

into wake up mode to wait for the data. After the transmitting node receives the 

acknowledge signal, it will start the transmitting of data. An acknowledge signal will 

be sent back from receiving node to transmitting node after the transmission is over. 
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2.2 Architecture Selection 

Sensor node 

Personal server 

 

Figure 2.1 Working principle of protocol level wake up receiver 

 

 Thus this 

duty cycle protocol works well to achieve the ultra low power requirement. 

 

2.2 Architecture Selection 

. For this design, the power consumption is 

expected to be between 1uW to 100uW. 

Although this method saves energy of the receiver dramatically, significant 

energy may be expended by the transmitter which needs to send transition request 

periodically. However, unlike the WSN, the communication is not done between 

sensor nodes. In WBAN, the communication is always processed between body 

sensors and body aggregator whose power consumption is not constrained.

There are numbers of hardware architectures to implement a wireless receiver. In 

RFID system, the receiver doesn’t have a power supply. It is simple and consumes 

little power (usually lower than 1uW). But the sensitivity of this kind of receiver is 

quite poor. On the contrary, for traditional receiver architectures, it is complex and can 

detect signals with very high sensitivity. For this kind of architecture, the power 

consumption is usually more than 1mW
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2.2 Architecture Selection 

2.2.1 Passive Receivers 

Passive receivers are mostly used in RFID tag. This kind of receiver collects 

power from incoming signals. The collected energy is then rectified and is used to 

power the receiver itself. Thus, when no signal is sent to the receiver, the receiver 

stays in the sleep mode. Seen from this, the RFID passive tag works in the similar 

way as wake up receiver we need to design.  

However, although the RFID tag has quite low power consumption less than 

1uW, the sensitivity is poor. In the example shown in [15], the operation parameters of 

this design shown in figure 2.2. 

 

Figure 2.2 Block diagram of the passive tag in [15] 

In this design, the sensitivity of the RFID tag is only -25.7dbm although its 

power consumption is 1uW. If the distance between the reader and the tag is 10 meters, 

the reader needs to send signals with power out +34.5dbm to make sure that the tag 

can receiver and process the information. 

For WBAN applications, in some cases the transmitter power is not limited. For 

example, if the sensor node only needs to communicate with the gateway node, a 

passive receiver can be used here because the battery for the gateway node can be 

easily replaced. However, in other cases, if the node needs to communicate with other 

sensor nodes, this kind of passive tag can not be used. 
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2.2 Architecture Selection 

Unlike wireless sensor network, the sensor nodes do not need to communication 

at a distance of several meters. However, wireless body area network sensor nodes are 

challenged by the dramatic attenuation of transmitted signals resulting from body 

shadowing—the body’s line of sight absorption of RF energy, which couples with 

movement, causes significant and highly variable path loss. 

Due to this reason, in a WBAN where communication between sensor nodes is 

necessary, the transmitter is power-constrained. If passive tag is used here, the power 

which the transmitter needs is clearly too high. Reducing the power of receiving end 

by introducing passive receiver like RFID has a consequence of increasing the 

transmitting power. And the less sensitivity the receiver has, the more power the 

transmitter needs. So during the practical wake up receiver design, the sensitivity 

needs to be improved to keep the transmitter consuming less power.  

 

2.2.2 Traditional Receivers 

In traditional receiver architectures, sensitivity and selectivity are guaranteed by 

using active devices. In recent years, these basic architectures haven’t changed 

substantially, despite of the fact that the design details are implemented using more 

complex techniques than earlier years. Among these architectures, direct down 

conversion receiver and super heterodyne receiver is the most commonly used. 

Besides, we can also introduce the highly digital ultra wideband transceiver chipset to 

design our biomedical devices.  

For super-heterodyne and direct down conversion architecture, the concept is 

using frequency conversion to shift the input signal frequency to lower frequency in 

order to lower the power consumption and simplify the architecture of the amplifiers 

and filters. High purity oscillators are needed to perform frequency conversion in 

order to achieve good selectivity. 
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2.2 Architecture Selection 

Filtering a narrow channel that is centered at high frequencies and is 

accompanied by large interferer’s demands prohibitively high Q consumes large 

power. In heterodyne architectures, the signal band is converted to much lower 

frequencies in order to ease the implementation requirements of the channel select 

filter. Illustrated in figure 2.3, the conversion is done by means of a mixer. Multiple 

down conversions each is followed by filter and amplifier are needed in 

super-heterodyne architecture to solve the trade-off problem between sensitivity and 

selectivity in simple heterodyne architecture [8]. 

 

Figure 2.3 Super-heterodyne receiver 

The Homodyne receiver, which is also known as zero-IF receiver, converts the 

input signal directly into baseband, thus avoiding the imaging problem. For these two 

kinds of structure, usually a phase locked loop is used to guarantee the accuracy and 

noise performance of the local oscillator.  

 

Figure 2.4 Homodyne receiver 
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2.2 Architecture Selection 

In recent low power technique, the mixer can be designed to be passive which 

consumes zero DC power. In some designs such as [10], the LNA is eliminated thus 

the power consumption of these amplifies is lower. The only remaining power 

consumption is the local oscillator. High frequency accuracy and stability is required 

for the oscillator. For quadrature operation, in-phase and quadrature outputs must be 

provided by the VCO. Due to theses reasons, most of the power consumption of the 

receiver is cost by the oscillator. For a single phase, non-quandrature mode voltage 

controlled oscillator, the power consumption can be as large as 300uW [10] which can 

not meet the power consumption requirement of the WBAN sensor nodes.  

2.2.3 Envelop Detector Receiver 

To solve the problem of the high requirements of local oscillator, energy 

detection receiver can be used. In this kind of structure, the matching network is 

simply followed by amplifier and envelope detector which is similar to AM receivers. 

The envelope detector doesn’t have strict requirement of the input signal frequency. 

Thus, the power-hungry local oscillator can be eliminated. For energy detection 

receiver, there are two structures which are the most commonly used as shown in 

figure 2.5. 

The main drawback of this energy receiver is that it doesn’t have filtering 

function at baseband. So the selectivity must be achieved directly at RF band. The 

main power consumption is cost by the high frequency amplifier which needs to 

provide high gain because of the sensitivity requirement of the envelope detector. 

However, when compared with PLL and traditional local oscillator, the power 

consumption is decreased dramatically. 
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2.2 Architecture Selection 

 

(a) 

 

(b) 

Figure 2.5: Two envelope detector based receiver architectures 
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3.1 Limitations of Integrated Inductors 

 

Chapter 3 Film Bulk Acoustic Resonator 

In WBAN sensor, scaled CMOS has been proven to be a good choice for not 

only digital circuits but also RF. One important aim of the integration technique of 

digital and analog circuits is to decrease the area cost of the chip. For RF front end 

design, not only active devices, but also passive devices, will play an importance role 

in the performance of the whole system.  

In traditional RF matching network and oscillator, the resonation is typically 

realized by LC network. For receiver front end design, passive devices as well as 

active devices would affect the whole system performance. 

In this chapter, the limitation of integrated inductors is discussed, and FBAR 

(Film Bulk Acoustic Resonator) is introduced here to be an alternative way to realize 

the resonation instead of LC network. FBAR is now becoming more and more 

relevant for its special frequency dependent impedance and its high Q factor. During 

the old days the main limitation of FBAR application is its volume. However, as the 

development of integration and packaging technique, this drawback is being 

diminished. There has always been tradeoff between high integration and low power 

consumption. Recently, minimizing power consumption without losing integration is a 

high concentrated topic in ultra low power consumption radio. [5] 

3.1 Limitations of Integrated Inductors 

The basic gain stage to build matching network or oscillator of receivers is 

shown in figure 3.1. For ultra low power applications, the available bias current is 

quite limited so that in order to get higher gain, the load needs to be designed large 

enough.[7] 
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3.1 Limitations of Integrated Inductors 

Typically in matching network & oscillator, the load is implemented using 

resonant LC network whose impedance is decided as follows: 

R w LQp o L=                                                              (3.1) 

 
Figure 3.1: Gain stage model of typical LC resonant network [7] 

wo  is the resonant frequency. Figure 3.2 shows the calculated Rp at 400MHz 

for inductor with quality factor of 10 and 20. Seen from the plotting chart, when the 

frequency is low, the value of Rp is limited below 100 Ohm due to the inductor size 

and Q factor. It is difficulty to achieve impedance more than 1k ohm with inductors 

which makes it impossible to get high amplifier gain for low power circuits. 
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Figure 3.2: Impedance of inductor at 400MHz resonance  
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3.2 FBAR 

Technology scaling has tremendous impact on CMOS devices for digital 

performance and low cost. However, little effect is seen on passive components. Thus 

the passive components need thinner layers which would results in the loss and 

lowering Q factor. [30] 

CMOS can be used as load in which case the input capacitance of the subsequent 

stage can determine the bandwidth. With the technology scaling, both CMOS size and 

capacitance is reduced which makes it possible that the impedance of the CMOS 

based network increases dramatically.  

 

3.2 FBAR 

On-chip LC matching network is fully integrated. However, it costs more power 

and has mediocre phase-noise performance. Due to this reason, ceramic, BAW (Bulk 

Acoustic Waveform) and other off chip components can be used as alternative option 

to break the tradeoff between integration and passive quality.  

Table 3.1 shows the performance of different RF MEMS resonators. We can see 

from the table that compared with ceramic and BAW devices, FBAR have smaller 

size and higher quality factor. 

With the progressing of semiconductor and RF communication technology, 

FBAR is becoming more and more widely used in sensor networks because of its high 

performance, low price, and good compatibility with standard CMOS process.  

The structure of Film Bulk Acoustic Resonator (FBAR) is like a sandwich. The 

top and bottom layer are thin-film piezoelectric layers between which is a substrate 

with air gap cavity etched on. [12] 
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3.2 FBAR 

       Material 
Parameter 

Ceramic Dielectric SAW FBAR 

Frequency 1MHz~10GHz 30 MHz~2 GHz 100 MHz~20 GHz 
Insertion loss 1~2dB 2.5~4dB 1~1.5dB 
Temperature 
coefficient 

0~+5 ppm/℃ 
 

-35~95 ppm/℃ 
 

-10~60 ppm/℃ 
 

Q factor 300~700 200~400 >1000 
Volume 5~10mm2 2~8mm2 0.1*0.1mm2 

Table 3.1 Comparison of ceramic dielectric, SAW and FBAR [11] 

The piezoelectric layer can convert electrical energy into mechanical energy 

when a radio frequency signal crosses FBAR. Thickness of the piezoelectric layer will 

affect the resonance frequency of FBAR. Resonance can be observed if the film 

height equals an integer multiple of a half the wavelength. The impedance of the 

device will reach a peak at resonance which allows that FBAR can be used as a 

frequency selective filter. Now FBAR is widely used to build narrow bandwidth RF 

filter or Oscillator due to the high quality factor. Since the resonation frequency of 

FBAR can vary from 100MHz to 20GHz, it can also be used in UHF or SHF 

application area. 

Unlike SAW (Surface Acoustic Wave) devices, the frequency of BAW devices 

(including FBAR) is determined by the thickness of the piezoelectric material instead 

of the surface size. This feature makes FBAR to be much smaller than SAW devices. 

And it is the main reason why nowadays FBAR is becoming more popular than SAW 

devices and is now replacing SAW in many applications. 
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3.3 FBAR Circuit Modeling 

 

Figure 3.3: 3D model of FBAR [6] 

 

3.3 FBAR Circuit Modeling 

A simple model of FBAR is shown in figure 3.4. 

 

Figure 3.4: (a) BVD Model (b) MBVD Model of FBAR [14] 

In this circuit model, there are two resonance frequencies: the series resonance fs 

is determined by Cm and Lm. At fs, the impedance reaches a minimum value equals 
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3.3 FBAR Circuit Modeling 

to Rm. Parallel resonance at fp, where the FBAR reaches its peak impedance value, 

happens at a frequency larger than that of series resonance. Between the frequency fs 

and fp, the device behaves like inductors. When the frequency is larger than fp or 

lower than fs, Co will dominate the response character of the device.  
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s
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Clamp 
Acoustic 
Velocity 

a
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Electro-mechanical
Coupling 
coefficient 

2k
t  

AIN 9.5e-11 10400 6.5% 

Table 3.2: Material property of AIN FBAR 

Where 
s
zz

ξ
 is nipping permittivity constant, η is acoustic viscosity, ρ is 
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3.3 FBAR Circuit Modeling 

density,  is acoustic velocity,  is electro-mechanical coupling coefficient, A is 

resonator area size, h is thickness of piezoelectric layer.[13] 

a
v 2k

t

Table 3.2 shows the material property of AIN FBAR. 

For a FBAR resonator at 2GHz, the frequency response is shown in figure 3.5. 

 

 

Figure 3.5: Frequency response for FBAR with 2 GHz resonation 

From which we can see the two resonance frequency fs and fp.  
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3.4 Circuit and BAW Integration 

3.4 Circuit and BAW Integration 

Because of the optimistic application future of FBAR, more and more attention is 

now given to the integration of FBAR and CMOS technology. Various 

FBAR-to-CMOS integration techniques have been developed during the past few 

years [16]. The most relevant methods are hybrid and monolithic approaches. In 

hybrid integration, the integration is done at chip level. The FBAR is fabricated on 

different substrate from the CMOS chip. After the fabrication of both chips, wire 

bonding or so called flip chip technique is used to combine the chips together. 

Additionally, the packaging technology of the FBAR, or any similar MEMS device, 

by means of thru-hole or via-hole interconnection has also been developed. Recently, 

a new method called heterogeneous-integration is proposed. With this method, the 

transfer of FBAR into CMOS substrate can be done at wafer-level instead of chip 

level to implement the integration. There are two main advantages of this method 

compared to traditional flip-chip implementations: wafer-level integration and no 

FBAR-carrying substrate attached to the resonator. Since interconnection has high 

priority than dicing, the time spent on integration at chip level is reduced significantly. 

[17] 

With the development of system packaging technique, the application and 

fabrication of BAW resonators can meet the target of low cost and small size. 

Nowadays, BAW resonators are becoming popular for low power RF circuits in high 

quality oscillators and filters. 

In this chapter, we discussed the limitation of passive components in RF design. 

In ultra low power design, the limitation in bias current means that it is impossible for 

amplifiers to achieve high gain with traditional LC load. The FBAR is introduced here 

as an alternative method to realize the function of integrated inductors without 

increasing cost or size. Based on this chapter, the detailed design of the receiver front 

end will be described in next chapter.
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Chapter 4 Front-end Circuit Design 

In the previous chapters, we discussed the receiver architecture and some 

technology considerations for this design. The detailed circuit design and performance 

analysis will be described here in this chapter.  

4.1 Architecture Design 

As we discussed before, the amplifier gain with LC loads is limited. Thus, in this 

design, the oscillator is going to be implemented simply using inverter chains which 

will be described in detailed in the following sections. However, without PLL control, 

the frequency accuracy can not be guaranteed. So the architecture we are going to use 

is an “uncertain IF” architecture.[7] 

Figure 4.1 shows the frequency plan of the proposed architecture. The incoming 

signal is selected by the matching network to get the signal within the desired band. 

Then the filtered signal is mixed with local frequency generated by ring oscillators. 

The local frequency is not accurate for the lack of PLL, but it needs to be defined 

between a range between 1M and 40M so that the down-converted signal can be 

amplified by the followed IF amplifier whose -3dB bandwidth is designed to be 

1M~40M here. Compared with RF amplifiers, low frequency amplifiers consume 

much less power to achieve the equivalent gain. After the IF amplifier, the signal goes 

into the envelope detector which will detect the amplitude of the low frequency signal 

and convert it to DC voltage. This can be regarded as the second frequency down 

conversion. Due to the limited gain of envelope detector which will be analyzed in 

section 4.3.1, this structure doesn’t work well for amplitude shift keying modulation. 

So the best modulation method for the uncertain IF structure is On-Off Keying. 
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Figure 4.1: Frequency plan of the wake up receiver 

There are two frequency conversions in this architecture, which makes it similar 

to super-heterodyne. Except the first down conversion done by the mixer, the 

envelope detector can do the second down conversion by mixing the input signal itself. 

Compared with traditional super-heterodyne receiver, the envelope detection 

architecture has these following advantages. First, the amplification is mainly done in 

the IF band instead of RF, which helps decrease tremendous power consumption. The 

second advantage is the absence of PLL. The envelope detector is not sensitive to 

input signal phase and frequency, so that the requirements of local oscillator is 

dramatically relaxed. The inaccuracy of LO would result in the inaccuracy of 

converted IF band which can be compensated using wide band IF amplifier.  

The main disadvantage of this architecture is interferes [7]. There is no filter 

before the envelop detector. Thus all signal within the IF bandwidth will be amplified 

and then converted by the envelope detector. This architecture shifts the filtering 

burden from IF band to the RF band as the selectivity should be done by the front end 

filter, which results in high requirements of the matching network. This is a reason 

why FBAR with high Q factor is selected to build the matching network. 
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4.2 Duty Cycle Control at Signal Processing Level 

In section 2.1, duty cycle controlling method at protocol level is proposed to 

implement the receiver as a wake up one. In order to further enhance the power 

consumption performance, when the receiver is at wake up mode and ready to receive 

data, duty cycle control method can still be applied at signal processing level to save 

power consumption as shown in Figure 4.2. 
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Figure 4.2: duty cycle control at signal-processing level 

 

Figure 4.3 Simple envelope detection based receiver 

The receiver is duty cycled at pulsed level. The input signal data rate is 100kbps 

and the enable signal of the receiver is chosen to be 200 kHz. An external reference 

clock with a power consumption of 3 uW [23] is used here to control the behavior of 

the receiver blocks (mixer, IF amplifier, and envelope detector). Followed by the 

envelop detector is a sample and hold block which helps to transform the duty cycled 
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signal back to the original width. 

By using duty cycle control in signal processing level, the receiver front end can 

save as much as 50% power. In the circuit implementation, the enable signal of the 

circuit blocks is generated by doing “and” operation of the protocol level enable 

signal and the signal processing level signal. 

4.3 Sensitivity Analysis 

The last stage of the uncertain IF architecture is the envelope detector. Unlike the 

mixer and amplifier, the envelope detector is a nonlinear device. So in order to 

analyze the noise figure and sensitivity of the whole structure, it is important to 

analyze the feature of the envelope detector. 

Figure 4.3 shows simple envelope detection receiver. The blocks are simplified 

to be a differential enveloped detector with a pre-amplifier. To make the analysis 

easier, assume that the signal and noise has almost the same bandwidth due to the 

selection of the RF filter. The gain of the amplifier is Av and the noise factor is Famp. 

4.3.1 Conversion Gain of Envelope Detector 

The circuit of the envelope detector used in this design is shown in Figure 4.4. 

The envelope detector we planned to use in this design is differential. However, for 

single input envelope detector, the conversion gain property is totally the same. [7] 

M1 and M2 is the differential pair where the down-converted signal flows in. M3 

provides bias current for the block. The output node is connected with a large 

capacitor which filters high frequency components. The bandwidth of the detector 

output depends on both C and the detector’s output impedance. [7]  

 

 34



4.3 Sensitivity Analysis 

 
Figure 4.4 Schematic of differential envelope detector 

 

1
,det

2
2

m
p

gf
Cπ

=                                                           (4.1) 

The bandwidth should be large enough to avoid attenuating the base band signal 

while low enough to filter higher harmonics.  

The circuit works in sub threshold region. The large signal drain current of M3 in 

sub threshold region is: 

' 'exp( )(1 exp( )) exp( )0 0
V V V V VGS th DS GS thI I ID nV Vt nVt t

− − −
= − ≈                        (4.2) 

This non-linear transfer function generates a DC term in response to the AC input 

signal.  

Assume the input signal is sin( )V V w ti s s= . Expanding equation 4.2 using Taylor 

series [7] and considering only the second order term we have: 

2 2 22
( )2 22 2 2 ( )

V V VI Ii i iD Dio V nVV ni ti t

∂ ∂
= = =

∂∂

ID
V

                                (4.3) 
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With  and sin( )V V w ti s s=
ID gmnVt

= ; 

( ) 1 cos 22 2 2sin
2 2
g gm mi V w t Vo s s snV nVt t

−⎛ ⎞
= = ⎜

⎝ ⎠2
w ts ⎟                           (4.4) 

The second harmonics will be filtered by the detector, leaving a DC output current: 

2
4
gmio nVt

= Vs                                                                (4.5) 

Not only second order terms but also higher order parts will result in DC 

components. However, compared with second order products, DC components caused 

by higher order can be neglected. 

From equation 4.5 we can get a simple equivalent model of envelope detector as 

shown in figure 4.5. 

 

Figure 4.5: Equivalent model of envelope detector for small signals 

The output impedance is 1/2gm1. Then we have the output voltage  

2

4
i Vo sV i Ro o o g nVm t

= = =                                              (4.7) 

Then the voltage gain can be calculated as follows: 
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4
V Vo sgain
V nVs t

= =                                                          (4.8) 

However, this result only works for small signals whose high order effects are 

not significant. As the input signal becomes larger, the gain can not be calculated 

simply using linear functions versus the input amplitude. It can be modeled by multi 

order polynomial or more precisely, full Bessel function representation.[20] 

Figure 4.6 compares the circuit simulation results and the simple gain expression 

of equation 4.8. The devices used here is UMC 90nm RF low leakage CMOS. The 

parameters for the differential pair are 10um/0.2um and the bias current is 2 uA. 

Although the linear equation doesn’t work well for large input signal, it is sufficiently 

enough for the sensitivity analysis. 
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Figure 4.6 Compare between simulated gain and calculated liner model 

For input signal with high frequency, the calculated gain could be used to 
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estimate the converted DC voltage at the output. For other input components with low 

frequency within the detector bandwidth including signals and noise, they will 

experience approximate unity gain. 

4.3.2 Sensitivity Analysis versus Design Concept 

As described in [7], the noise factor for the envelop detection receiver can be 

calculated as follows: 

2
,

2 2 2 2 2 2
2 O ED O IFLF DC

tot amp
SRC V SRC V SRC conv

N N kF F
N A k N A k N G k

= + + + ,N                      (4.9) 

Where  represents the noise from the source resistance , NSRC 4
S

kTR NLF  is 

the noise of low frequency at the input of the envelope generated by the amplifier, and 

 is the a part of noise source at the output of the architecture due to the wide 

bandwidth (40 MHz here) of the amplifier.  is the noise of the envelope 

detector itself calculated at the output, Av is the gain of the amplifier and k is the gain 

of the envelope detector. The detailed analysis of sensitivity will be shown in section 

4.4.7. Seen from equation 4.8, the conversion gain of the envelope detector relies on 

the amplitude of applied signals. Thus, when the input signal increases, the 

corresponding noise performance will become larger. The input referred noise for the 

receiver is  

,NO IF

,NO ED

, d
174 10log( )

n in totet
P BW NF=− + +                                    (4.10) 

minSNR  is the minimum signal to noise ratio, and the minimum detectable signal  

input signal power is  

, mmds n in
P P SNR= +

in
                                                    (4.11) 
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To see the affection of amplifier gain and amplifier noise figure on the total 

system sensitivity, two receivers with different amplifiers and same envelope detector 

is analyzed. The first one has an amplifier with 20dB gain and 10dB noise figure 

while the second one has an amplifier of 40dB gain and 20 dB noise figure. Here only 

the amplifier noise is considered, the Nlf is ignored. Figure 4.7shows the calculation 

result. Seen from the calculation result, although the red curve has a larger noise 

figure, it still has nearly 20dbm better sensitivity. This result illustrates that in order to 

get better sensitivity the amplifier before the envelope detector should be designed 

with higher gain despite of the corresponding increased noise figure. 

 

Figure 4.7 Comparison between two receivers with different gain and noise figure 
 
 

4.4 Circuit Design 

For the consideration of the WBAN requirement, the receiver front end should be 

designed simple enough to achieve small size and low power consumption. The block 

diagram (a) and schematic (b) of proposed receiver is shown in figure 4.8. 
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(a) 

 

(b) 
Figure 4.8 (a) Block diagram and (b) Schematic for the proposed wake up receiver 

 

After selected by the matching network, the RF signal is then mixed with local 

frequency. After down converted, the signal is amplified by the IF amplifier before it 

is converted by the envelope detector. 

The circuit is designed using 0.5V power supply with most of the transistors 

working under sub-threshold region. The transistor used here is umc90nm rf low 

leakage CMOS. 
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4.4.1 Input Matching Network 

The matching network should supply a stable impedance match to the antenna, 

and it should filter the noise and interfering signals out of the required band. As we 

discussed in chapter 3, high quality factor FBAR is an attractive choice for the 

filtering function. The circuit model has two resonant frequencies, series frequency fs 

which is determined by the series resonant branch and parallel frequency fp which is 

determined by the shunt capacitance Co. Between fs and fp, the resonator behaves like 

an inductor with high Q factor.  

In chapter 3, the FBAR is modeled using a simple circuit. However, some other 

parasitical impedance needs to be considered to make the FBAR model more 

precisely, for example, the silicon substrate coupling, introduction RF 

Ground-Signal-Ground (G-S-G) pads and bonding wires.  

Considering the effect of substrate coupling, RF G-S-G pads and bonding wires 

into MBVD, the model we use here is called PMBVD [12] as shown in figure 4.9. 

Parasitic capacitors and resistors are introduced here. 

 

Figure 4.9 FBAR equivalent circuit model with parasitical impedance [11] 

The impedance transformation is realized here using capacitors as shown in 

Figure 4.10. The resonator has a Cm of 47fF, thus the input capacitance of the mixer 

should be considered here. With C1 and C2, the impedance of FBAR is matched to 50 

ohm which is the antenna impedance. 
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Figure 4.10: Matching network circuit  

The simulated result of voltage gain and s parameter is shown in figure 4.11. The 

matching network provides 7.15 dB voltage gains at desired frequency. However, as 

the resonator has a real resistance, the noise performance will have a degradation of 

3dB. [7] As analyzed in section 4.2.2, the gain should be considered in priority of 

noise factor for this receiver, so the noise affect caused by the matching network 

wouldn’t be an issue for the circuit performance. 

 

Figure 4.11: Simulation result of the matching network 
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4.4.2 Mixer 

 
Figure 4.12: Schematic of dual gate mixer 

 

Figure 4.12 shows the mixer structure in this design. The mixer part is 

implemented using dual gate transistors. Since the LO output is not differential, a 

single LO port driven mixer is used here. The input RF signal is coupled with the bias 

voltage to the gate of M1. The LO signal flows controls switches the transistor M2 on 

and off. M5 and M4 are controlled by the wake up signal. By being duty cycled at 

pulsed level, the power consumption can be decreased dramatically. M5 and M4 are 

sized large enough to eliminate the voltage drop. 

The output current can be calculated as follows: 

( )0i g s wt vo m in= × ×                                                       (4.12) 

Where s(wt) is the function of the switch (square wave with 50% duty cycle), 
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vin is the input signal and gm0 is the transconductance of M1. 

2 2 2( ) 0.5 cos( ) cos(3 ) cos(5 )...
3 5LO LO LO

s wt w t w t w t
π π π

= + − +                  (4.13) 

With , the transconductance can be obtained: cos( )v A w tin in=

0 0 2cos( ) ( cos( ) )
2 2

o m m

m in LO
in

i g gg w t w
v π

= = + ± ⋅⋅
in

w t ⋅                         (4.14) 

At the desired frequency
LO in

f f± , the conversion transconductance is  

0m

m

gg
π

=                                                                 (4.15) 

The output voltage gain is  

2
1

n
P f Cbuffer i DD

i
= × ×∑
=

V .                                                 (4.16)  

Where RL  is the load resistance and  is the output resistance of the 

mixer when M2 is on. The value of 

,Ro trans

R u
L

 is designed to be 20 kOhm here to provide 

enough voltage gain while keeping the DC voltage of the IF output large enough to 

drive the differential pair of the following IF amplifier. 

In this design the bias voltage of M1 is set to be 342mV to provide a bias current 

of 13.2uA. as the input of the IF amplifier is differential, the right part of the mixer is 

added to provide a DC output equivalent to the DC component of the converted IF 

signal.  

The measured voltage gain of the mixer is 4.4dB, together with the matching 

network, the total voltage gain of input signal before the IF amplifier is 11.5dB.  
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The average power consumption of the mixer is about 2.5uW. 

 
Figure 4.13: Transient simulation results of mixer 

 
 

4.4.3 IF Amplifier 

As analyzed in section 4.2.2, the signal should be amplified enough achieve 

better sensitivity with low power consumption. Also, there is bandwidth requirement 

of the amplifier due to the inaccuracy of the digital tuned oscillator. Frequency and 

gain requirement can be achieved by using cascaded amplifiers with resistor loads 

Since the supply voltage is only 0.5V, multistage amplifier is chosen here to optimize 

the gain-bandwidth for a given power consumption.  

Alternated stages are implemented with a split source topology to minimize the 

accumulated offset voltage. In the first, third and fifth stage, a capacitor of 10 pF is 

used to split the tail current source. The IF amplifier introduces 3 zeros at DC, and 

provide a gain of 43dB at desired band. Each stage provides approximately 8 dB gain 

and the bias current of each stage is around 8 uA. 
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Figure 4.14: 5 stage wideband IF amplifier 

 

M5 is the switch to enable the IF amplifier. With the duty cycle control, the IF 

amplifier consumes a power of 11 uW during the signal processing time. 

Figure 4.15 shows the simulated frequency response of the IF amplifier.  

 

Figure 4.15: AC Simulation Result of the Cascaded Stage Amplifier 
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The total gain of the front end is about 52 dB to the envelope detector input. The 

simulated noise figure is 26 dB.  

 

4.4.4 Local Oscillator 

Enough gain is required for an oscillator to sustain oscillation because losses 

happen in real circuit implementation. Figure 4.16 shows the technology scaling effect 

on CMOS devices and LC tank. From which we can see that technology scaling 

doesn’t have obvious effect on integrated inductors. [7] In order to reach high gain, 

the inductor needs to be large which increases the power consumption and area. In 

modern LC oscillator design using ‘above IC’ inductor [22], the power has almost half 

decrease compared with traditional fabrication method. It still consumes 400uW 

which is several times larger than the power requirement of the wake up receiver. 

 
Figure 4.16 Impedance of LC Tank and CMOS with Technology Scaling [7] 

 

 

Due to the limitations of inductors, a simple ring oscillator is used here to 

achieve the power and area requirements. As the technology scales, the parasitic 

capacitance Cgs is becoming dramatically larger which result in the increasing 

impedance and rising voltage gain. Figure 4.17 is a picture from [7], which shows the 

simulation power consumption of LC oscillator and ring oscillator. 
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Figure 4.17: Comparison of power consumption of two different oscillators [7] 

 
Figure 4.18: Schematic of digital tuning ring oscillator 

A simple 3 stages ring oscillator is used here. Two transistors M1 and M2 are 

placed to tune the frequency. Because of the mismatches of device, a 5 bit DAC is 

used here to control the gate voltage of M1 and M2 thus changing the supply voltage 

of the ring oscillator to make sure that the output frequency is within the desired range 

(362M~399M & 401M~438M). 

For the oscillator buffer, the static power could be ignored. The dynamic power 
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consumption can be calculated as follows: 

2
1

n
P f Ci DDbuffer i

= × ×∑
=

V                                              (4.17) 

Where f is the local frequency, Ci is the input capacitance of the ith stage, and 

Vdd is the power supply. 

For the ring oscillator, the power consumption is  

23P f C V
osi i DD

= × × ×                                                (4.18) 

where ci is the input capacitance of the inverter. 

The total power consumption of the ring oscillator including the digital tuning 

block is 13uW. 

4.4.5 Envelope Detector 

From equation in section 4.2.1, we can figure that the gain is independent of the 

devices. In the circuit design, we just need to make sure of two things: 1. to make sure 

that the devices work in weak inversion; 2 to make sure that the input capacitance is 

not too large in order to minimize the load of the preceding amplifier. Another 

consideration is that the transistors should be sized large enough. Otherwise, flicker 

noise will become dominant in the overall noise calculation.  

The differential envelope detector used here is biased at sub-threshold region with 

1uA bias current each side as shown in Figure 4.19. 
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Figure 4.19 Schematic of envelope detector 

M4 is the duty cycle controlling transistor. The control signal of envelope 

detector is 200ns later than the IF amplifier to wait until the IF output is stable. the 

load capacitance is 15 pF here to provide a output bandwidth of about 1 MHz which 

can help filter the high frequency harmonics. 

 

4.4.6 Sample and Hold 

With duty cycle control, the width of the converted signal is changed to the 

active time of the envelop detector. Thus, a sample and hold block is added here to 

recover the signal width back to the original width as shown in Figure 4.20. 
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Figure 4.20 Schematic of sample-hold 

The whole transient simulation result is shown in figure 4.21. 

 

4.4.7 Complete Sensitivity Analysis 

Equation [4.9] we get in section 4.3.2 described the noise sources for the envelope 

detector receiver.  

2
, ,

2 2 2 2 2 2
2 O ED O IFLF DC

tot amp
SRC V SRC V SRC conv

N NN kF F
N A k N A k N G k

= + + +  

1. The noise of the envelop detector itself appears directly at the output. This noise 

can be calculated as: [7] 

1 24 (1,
1 1

gmN kTO ED g gm m
γ= + )                                           (4.19) 

2. Linear noise added by the mixer and amplifier can be represented by Famp. 

3. The amplifier will exhibit low frequency noise within the bandwidth of the detector. 

This will pass the envelope detector with a gain KDC as described in [19][7]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
(e) 

Figure 4.21: Transient simulation result of the receiver. (a): RF input (b) outputs of mixer; 
(c): outputs of IF amplifier; (d): output of envelope detector; (e) final output of the receiver 
front end. 
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4. The other noise source is due to the wide IF bandwidth. Not only required signal 

but also noise within IF bandwidth will be amplified since there is no filter at 

baseband.  

Figure 4.22 shows the four different kinds of noise source in this receiver and the 

transfer function to the output. The effect of each noise term is shown in Figure 4.23. 

The overall sensitivity is shown in Figure 4.24 with a guaranteed 12 dB SNR.  

 

Figure 4.22: Noise sources for the receiver[30] 
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Figure 4.23: Breakdown of noise figure contributions 
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Figure 4.24: Total calculated sensitivity 

 

Figure 4.25: Layout for the receiver front end 
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4.4.8 Layout Design 

The receiver is designed using UMC 90nm CMOS. Capacitor chosen in this 

design is Metal-on-Metal capacitors for its smaller area. Figure 4.25 shows the floor 

plan of the receiver front end and relative blocks. The active area is about 0.05 mm2. 

The mixer costs an area of 0.00220mm2, the IF amplifier costs an area of 

0.0222mm2 together with its capacitor array, and the DCO consumes an area of 

0.0070mm2. With the delay blocks generator for the enable signal, 100um*100um 

FBAR and its capacitor transformer, the total estimated area cost less than 0.1mm2.  

 

4.4.9 System Performance 

The power consumption achieved in this design is 30uW from 0.5V power 

supply. The main power consumption is caused by the IF amplifier an LO generation. 

Table 4.1 illustrates the detailed power consumption of the receiver. 

Seen from table 4.1, the main power dissipation is caused by the IF amplifier and 

digital tuning oscillator. Compared with previous work, this duty cycle controlled 

wake up receiver consumes extremely low power while keeping adequate sensitivity 

to detect input signals. 

Table 4.2 compares the power consumption of the receiver presented here with 

previously published work. In this design, the power consumption is far more less 

than the previous published work for both WSN and WBAN.  

Even with ultra low power consumption, the receiver still has a sensitivity of 

-64dBm which meets the requirements described in chapter 1. 
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Parameter Simulated 

Supply voltage 0.5V 

Modulation 400MHz/OOK 

Power consumption (uW) 

Mixer 

IF amplifier 

DCO 

Envelope detector 

Reference clock 

Total 

 

2.5  

11 

13 

0.5 

3 

30 

Data rate 100kbps 

Sensitivity -64dBm 

Table 4.1: Performance summary of the wake up receiver 

 

Paper [26] [27] [28] [29] [7] [23] this work

Technology CMOS 
0.35 um 

CMOS 
0.13 um 

CMOS 
0.13 um 

CMOS 
0.13 um 

CMOS 
90 nm 

CMOS 
90nm 

CMOS 
90 nm 

Voltage 1.5V 1V 1.2V 1.2V 0.5V 0.5V 0.5V 
Power 1.2 mW 380 uW 11.2 mW 2.8 mW 52 uW 51 uW 30 uW 
Data rate  180kb/s 10kb/s 110kb/s 500kb/s 100kb/s 10kb/s 100kb/s 
Carrier  
frequency 

1032MHz 1.9GHz 3.5GHz 2.45GHz 2GHz 2GHz/ 
915MHz 

400MHz 

Modulation OOK OOK 2-PPM OOK OOK OOK OOK 

 

Table 4.2 Comparison of previous published WBAN/WSN receivers 
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Chapter 5 Future Research Work  

This thesis proposed a duty cycled wake up receiver with ultra low power 

consumption. In this chapter, future work is discussed. 

5.1 Improving the Front-end  

The design concept of this receiver mainly focuses on the ultra low power 

requirement. Duty cycle control method is used to control the wake up receiver. All 

the blocks used in this receiver are designed with minimized power consumption. 

The mixer used here is single input and single output. There are two parts of the 

mixer. The first part is used to do the down conversion of the input signal, and the 

second part is used to generate a voltage equivalent with the DC component of the 

output IF signal.  

As described in Chapter 4, the duty cycle clock of the envelope detector is 200ns 

later than the enable signal of mixer and IF amplifier due to the reason that the output 

of IF amplifier output needs settling time to be stable. Similarly, the enable clock of 

the sample hold block is 800ns later than the enable signal of the envelope detector. 

There are two reasons for that. First, when the mixer is at ‘sleep’ mode, the IF 

out and DC output are both 0.5V. When the mixer is awaken, the DC components of 

the outputs fall down to 0.35V. The rolling off time of the two outputs is different 

which causes the fact that there are about 50ns that the differential inputs of the IF 

amplifier has different DC voltage. This becomes obviously when the input signal is 

small as shown in figure 4.21 (c). The other reason is that there are always 

mismatches among devices, even when the mixer is awake, the DC components might 

be slightly different from each other which also requires more settling time. 

There are two ways to solve this problem. The first is used in this design to delay 
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5.1 Improving the Front-end 

enable signal. The drawback is that the delay block requires large capacitor to be 

implemented. The other way to solve this problem is using balanced mixer. 

By using balanced mixer design, another problem of the receiver front end could 

also be solved. In this design wide band IF amplifier is used to relax the phase and 

frequency accuracy requirement of the local oscillator. For this architecture, second 

order inter-modulation distortion in the mixer would corrupt the IF signal. Using 

balanced mixer, this problem can be avoided at the cost of increasing power 

consumption because differential LO is needed. 

Finally, one block need to be further improved is the differential envelop detector. 

T he detector structure in section 4.4.5 is chosen because of the convenience to couple 

with the IF amplifier outputs. However, for the same input amplitude Vif, compared 

with the detector shown in Figure 5.1 (b), the conversion gain from RF signal to DC 

components is much lower in differential envelope detector (Figure 5.1 (a)). [25]  

 

(a)                                (b) 
Figure 5.1: Differential envelope detector and single ended detector 
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5.2 Wake up Receiver Application 

An alternative design choice is proposed in [30]. It is a passive mixer driven by 

itself. The schematic is shown in figure 5.2. Preliminary simulations by the author 

indicated that the overall sensitivity can be increased about 4dBm. 

 

Figure 5.2: Passive mixer based detector [30] 

5.2 Wake up Receiver Application 

This receiver in this design is transmitter initiated as shown in Figure 2.1. A 

periodic signal is generated by back end processor to activate the receiver based on 

the corresponding communication protocol.  

This wake up receiver design can also be used as asynchronous wake up receiver. 

This kind of receiver has two parts, the wake up receive part and the data receiver part 

as shown in Figure 5.4. 
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5.2 Wake up Receiver Application 

 

 
Figure 5.3: Transmitter initiated wake up receiver 

 

Figure 5.4: Data receiver controlled by wake up receiver[30] 

 data receiver is chosen to be UWB receiver for its low 

power consumption. [5]  

In this architecture, the wake-up receiver always stays active. When it detects 

input signal, it will generate wake up signal to activate the data receiver. Usually in 

WBAN sensor nodes, the
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5.2 Wake up Receiver Application 

The UWB receiver has exactly the same architecture with the energy detection 

receiver as described before except that there is a following integrator. The UWB 

frequency band is amplifier, filtered and squared to output an analog signal which is 

related to the signal power. The communication protocol of UWB receiver is pulse 

position modulation which is controlled by a low frequency bit decision clock. Thus 

no PLL is required. The receiver requires 2.5nJ per bit as described in [5]. This kind 

of wake up receiver is an active choice for those transmitting energy constrained 

WBAN since the transmitter does not need to transmit signals many times until the 

receiver responses. 

 

Figure 5.5: One possible structure for UWB receiver 

.  
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