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 As the number of autonomous data collection applications keep increasing, the 

demand for wireless sensor networks (WSNs) has seen explosive growth. In this 

dissertation, an ultra-low-energy WSN transmitter is developed to reduce the energy 

consumption of sensor nodes in WSNs. With an ultra-low-energy transceiver, it is 

possible to eliminate the battery in the sensor node and power itself with an energy 

harvester, thus creating a battery-free sensor node. A variety of applications can be 

accommodated with the battery-free sensor node as it has small size, light weight, 

and endless lifetime. 

Two prototype WSN transmitters are implemented to demonstrate the transmitter 

energy minimization. The first transmitter incorporates a fast frequency calibration to 

shorten the oscillation frequency tuning time. This minimizes energy wasted during 

the transmitter start-up period. The energy consumption of the second transmitter 

that employs a power oscillator architecture is minimized by maximizing the 



 

 

transmitter efficiency. The efficiency of the power oscillator circuit is analyzed and 

the design procedure for maximum efficiency is then developed. 

Prototype WSN transmitters were fabricated in 0.18-m CMOS technology. The 

first transmitter operates in the 915-MHz ISM band. With 0.5-MHz reference 

frequency, the transmitter takes only 72 s for the BFSK frequency calibration. It 

dissipates a power of 1.91 mW while radiating a power of -2.9 dBm. The second 

transmitter operates in the 2.45-GHz ISM band on a single supply of 0.65 V. The 

transmitter has efficiency as high as 23 % at -5.2 dBm radiated power. This 

corresponds to a low power consumption of 1.34 mW. 
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ULTRA-LOW-ENERGY TRANSMITTERS FOR  
BATTERY-FREE WIRELESS SENSOR NETWORKS 

 

1. INTRODUCTION 

1.1 Wireless Sensor Networks in the Information Age 

We live in the information age, a time when vast amounts of knowledge can be 

accessed at the click of a mouse. The primary source of instant information is the 

internet, a worldwide web of networks that has been rapidly developing since the 

early 1990s [1]. Today, internet users can access and share information from their 

laptops, cell phones, and other mobile devices at locations across the globe, making 

it easier than ever to stay connected. Because being online is now easier than ever, a 

constant flow of information from the internet and other electronic resources has 

come to shape our everyday lives: we listen to traffic radio to determine the quickest 

travel route, we use cell phones to check the weather forecast, and we rely on 

computers to keep track of warehouse inventory and order new supplies. Moving 

into the future, technology will continue to develop and spread across the globe, 

changing the way information is accessed and utilized. 

But before information, from the internet or elsewhere, can be accessed and 

utilized, data must first be gathered and processed, as all meaningful information is 

assembled from bits of raw data. For example, before forecasters predict the weather, 

they collect raw data about temperature, humidity, barometric pressure, and wind 

speed. Forecasters then analyze this data and interpret it into a weather forecast, a 
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piece of meaningful information. In the past, data was collected, analyzed, and 

interpreted manually by humans. This process was slow, inefficient, and prone to 

errors. As a result, wireless sensor networks (WSNs) were introduced in the early 

2000s [2]. Essentially, WSNs use sensor nodes to gather data, which is then sent to a 

central processing hub. The hub analyzes the data from the sensor nodes and 

interprets it into meaningful information, providing valuable feedback that can be 

accessed and utilized by a variety of users. In the future, WSNs will provide 

feedback to autonomous systems that can regulate themselves based on a set of 

specific conditions, laying the groundwork for a faster, more connected information 

age. 

1.2 Overview of Wireless Sensor Networks 

A WSN generally consists of multiple sensor nodes and a single processing hub 

distributed over an area of interest. As mentioned in Section 1.1, sensor nodes are 

input terminals that collect raw data. The data collected by each sensor node varies 

depending on its specific purpose, but all sensor nodes detect the physical conditions 

of their surroundings. 

After sensor nodes collect raw data from their physical surroundings, they send 

that data to a dedicated node or central hub. Each sensor node in this application 

typically has a wireless communication distance of 5-40 meters. If one node wants to 

communicate with other nodes lying outside its boundary, it will use sensor nodes 

located along the line between itself and its destination as intermediate repeaters to 
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pass the data, as shown in Figure 1.1. With this peer-to-peer communication scheme, 

data can be transmitted over large distances, making a WSN’s area of interest highly 

scalable—it could be as small as a building or as large as a city, depending on the 

number of sensor nodes. 

 

Figure 1.1. Conceptual communication topology of wireless sensor networks. 

In short, WSNs are extremely flexible because they can process different types of 

information and accommodate different parameters of scale. As a result, WSNs have 

the potential to serve a range of purposes, from verifying a person’s identification to 

regulating a city’s sprinklers. However, few applications currently benefit from 

WSNs, as sensor nodes are generally too large, too heavy, and too short-lived to be 

of use. In order to make WSNs more useful and ubiquitous, new technologies must 

be developed to make them smaller, lighter, and longer-lasting. 
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1.3 Battery-Free Wireless Sensor Networks 

Each sensor node of a WSN is made up of four basic parts: (1) a sensor interface 

(the actual sensor may be either integrated or external), (2) a power supply with 

power conditioning circuitry, (3) a digital controller with data memory, and (4) a 

wireless interface. Figure 1.2 shows four state-of-the-art sensor nodes that are 

commercially available today [3]-[4]. The specifications of these sensor nodes are 

summarized in Table 1.1. As seen in the table, the battery is the largest and heaviest 

part of these four sensor nodes. The operating lifetime of each sensor node is also 

defined by its battery, since the battery is the only energy source. As noted in Section 

1.2, the key to improving the functionality of WSNs is developing new technologies 

that make sensor nodes smaller, lighter, and longer-lasting. For this reason, it is 

crucial to create a sensor node with a smaller battery and a longer lifespan. This will 

decrease the size and weight of sensor nodes while simultaneously maximizing their 

operating lifetime, thus making them more practical and efficient. 

To overcome the problems presented by sensor node batteries, future WSNs will 

have energy harvesters. The energy supply for a WSN can be harvested from 

sunlight, thermal heat, vibration, radio frequency (RF) radiation, or a combination of 

these, depending on the environment where it is deployed [5]-[6]. An energy 

harvester will increase the lifetime of a WSN by acting as an additional power source 

for the sensor node. In addition, if a sensor node consumes extremely low amounts 

of energy, it will be able to operate solely on the power from an energy harvester. In 

this case, the energy harvester will collect the harvested energy and store it 
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temporarily, for example in a super capacitor, while the sensor node is inactive. 

Sensor nodes will then operate for a short period of time by using the stored energy. 

In this way, traditional WSNs will evolve into battery-free WSNs. 

 (a)  (b)  

 (c)  (d)  

Figure 1.2. Commercial-off-the-shelf wireless sensor nodes. (a) MICA2, (b) TelosB, 
(c) Tmote Sky, and (d) IRIS. 

Battery-free WSNs offer a number of advantages. First, eliminating a sensor 

node’s battery reduces its size and weight; this could lead to sensor nodes being 

invisibly embedded in many objects, including walls, light fixtures, and appliances. 

In addition, a battery-free WSN has a virtually infinite lifetime; this would increase 

the lifespan of WSNs and eliminate the maintenance cost of replacing batteries.  
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Table 1.1. Summary of specifications of wireless sensor nodes in Figure 1.2. 

Sensor node MICA2 TelosB Tmote Sky IRIS 

Carrier frequency 915 MHz 2.45 GHz 2.45 GHz 2.45 GHz 

Data rate 38.4 kbps 250 kbps 250 kbps 250 kbps 

Nominal supply 3 V 3 V 3 V 3 V 

WSN receiver 

 Current 

 Sensitivity 

 

10 mA 

-98 dBm 

 

23 mA 
-94 dBm 

 

22 mA 

-94 dBm 

 

16 mA 

-101 dBm 

WSN transmitter 

 Current 

 Radiation 

 

27 mA 

5 dBm 

 

- 

0 dBm 

 

20 mA 

0 dBm 

 

17 mA 

3 dBm 

WSN controller 

 Active 

 Sleep 

 

8 mA 

15 A 

 

1.8 mA 

5 A 

 

1.8 mA 

5 A 

 

8 mA 

8 A 

WSN form factor1  

 Dimensions 

 Weight 

 

58x32x7 mm 

18 g 

 

65x31x6 mm 

23 g 

 

65x32x7 mm 

- 

 

58x32x7 mm 

18 g 

2xAA batteries 

 Dimensions 

 Weight 

 

2x14(diameter)x50(height) mm 

2x23 g 

WSN lifetime2 1.0 year 1.1 year 1.2 year 1.1 year 
1Excludes sensors and batteries. 
2Assumed 2xAA 2400 mAh alkaline batteries and 1% duty cycle for peer-to-peer 
communication. 
 

The key to creating battery-free WSNs is designing sensor nodes that consume 

ultra-low amounts of energy. According to Table 1.1, most of a sensor node’s energy 

is consumed by its transceiver, which enables WSNs to communicate wirelessly. 

Thus, lowering the energy dissipation of transceivers is crucial to creating battery-



 

 

7 

free WSNs. While techniques for reducing the energy consumption of WSN 

receivers have been discussed in [7]-[14], the research in this dissertation focuses on 

decreasing the energy consumption of WSN transmitters. 

1.4 Dissertation Organization 

This dissertation presents the architecture of an ultra-low-energy transmitter for 

battery-free WSNs. Chapter 2 discusses various transmitter parameters which are 

directly related to the transmitter energy consumption, including start-up time and 

transmitter efficiency. This chapter also reviews WSN communication systems, 

WSN transmitter architectures, and recently published WSN transmitters. The WSN 

transmitter designed to reduce start-up time by using a fast frequency calibration is 

outlined in Chapter 3. Chapter 4 provides the efficiency analysis and the design 

methodology for a high efficiency transmitter. The prototype WSN transmitter is 

presented along with measurement results. The conclusions of this dissertation are 

given in Chapter 5. 
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2. A DESIGN REVIEW OF ULTRA-LOW-ENERGY 
TRANSMITTERS FOR WIRELESS SENSOR NETWORKS 

2.1 Introduction 

In recent years, numerous applications employ wireless sensor networks (WSNs) 

to collect, transmit, and process data. As mentioned in Section 1.2, WSNs are 

extremely flexible in function and scale. For this reason, WSNs can be designed to 

perform any number of tasks, from controlling the temperature of an office building 

to checking the time on a parking meter. 

Despite the fact that WSNs serve a wide range of purposes, all WSNs share 

several commonalities. For example, every WSN’s area of operation is occupied by a 

series of sensor nodes. Since the wireless communication distance of each sensor 

node is typically limited to 5-40 meters, WSNs use a peer-to-peer communication 

scheme to transmit data over large distances. As a result, WSNs can consist of 

countless sensor nodes. In order to be compatible with all WSN applications, each 

sensor node must be essentially small, light, and energy efficient. 

The key to reducing a sensor node’s size and weight while increasing its 

efficiency is minimizing its energy consumption, as discussed in Section 1.3. If a 

sensor node runs solely on the power from its energy harvester, then its battery—

which is usually the largest and heaviest part—can be eliminated, resulting in a 

lighter, smaller, and more efficient sensor node. The key parts of the sensor node that 

consume energy include the transmitter, receiver, and controller. This work focuses 

on the highest power consuming block: the transmitter. The transmitter generates the 
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radio frequency to wirelessly carry the data to another sensor node receiver. Thus, 

decreasing the energy consumption of a sensor node transmitter is crucial to 

improving its overall efficiency. 

This chapter reviews design parameters associated with the energy consumption 

of WSN transmitters. It also discusses communication systems and transmitter 

architectures for ultra-low-energy transmitters. Finally, the performance parameters 

of recently published WSN transmitters are summarized. 

2.2 Minimizing the Energy Consumption of WSN Transmitters 

Figure 2.1 shows a simple block diagram of a generic wireless transmitter. This 

representation is composed of five blocks: (1) a radio frequency (RF) source, (2) a 

RF modulator, (3) a power amplifier (PA), (4) an impedance transformer, and (5) an 

antenna. The RF source generates the carrier signal, which is modulated by the 

baseband data. The power amplifier then amplifies the modulated signal before 

delivering it to the antenna through the impedance transformer. 

 

Figure 2.1. Generalized transmitter block diagram. 

The energy consumption of the transmitter (ETX) is expressed by: 
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TX start up start up transmit transmitE P t P t     (2.1)

where Pstart-up and tstart-up are the power consumption and the time duration of the 

start-up period before data transmission, respectively, and Ptransmit and ttransmit are the 

power consumption and the time duration during data transmission. Ptransmit is 

comprised of the overhead power (Poverhead), a fixed amount of power consumption 

normally from the RF source and the RF modulator, and the power consumption of 

the power amplifier (PPA). PPA is equal to the radiated power (Prad) at the antenna 

divided by the power amplifier efficiency (PA). ttransmit is defined as the ratio of the 

number of bits (Nbit) and the bit rate (Rbit). Then ETX can be rewritten as: 

.rad bit
TX start up start up overhead

PA bit

P N
E P t P

R 

 
   

 
 

(2.2)

Note that this expression assumes that the impedance transformer is lossless. For 

a lossy impedance transformer, the loss can be modeled as a reduction in the 

efficiency of the power amplifier. 

The energy consumption in long distance communication systems such as a 

cellular network is dominated by the high radiated power, which can be up to 30 

dBm, and the large number of bits per transmission. As such, the energy consumed 

due to the overhead power and the start-up time is relatively insignificant. Therefore, 

minimizing the energy consumption for long distance communication systems 

depends solely on improving the efficiency of the power amplifier. However, for 

WSNs, the radiated power is typically less than 0 dBm because sensor nodes 

communicate over relatively short distances. In addition, the number of bits per 



 

 

11 

transmission is low, only from a few hundred to a thousand bits, due to the nature of 

WSN applications. As a result, all parameters in (2.2) become equally significant and 

must be accounted for in minimizing the energy consumption. Next, each parameter 

is examined individually. 

A. Number of bits (Nbit) 

The energy consumption of transmitters can be minimized by shortening the 

transmission time between sensor nodes. In order to shorten the transmission time, 

the quantity of transmitted data must be reduced. This reduction is commonly 

performed by data compression algorithms in exchange for more computational 

power for compression and decompression at the source and destination sensor 

nodes. For typical WSN applications, simple algorithms, such as a run-length 

encoding or a delta encoding, offer a good compromise between reduced transmitted 

power and increased computational power. The benefits of data compression 

increase dramatically in a peer-to-peer communication scheme, where multiple 

nodes relay the same data. The relay sensor nodes save their energy without using 

any extra power for computation. The number of bits is generally in the range of 200 

-1,000 bits (Nbit ~ 200-1000). 

B. Bit rate (Rbit) 

Increasing the bit rate can also reduce transmission time and thus minimize the 

transmitter energy consumption. However, the bit rate of WSNs is usually not 

limited by the WSN transmitter. Instead, the bit rate is typically defined by the WSN 
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receiver as it directly affects the receiver performance. A WSN receiver that has a 

higher bit rate generally has lower sensitivity and consumes higher power. The bit 

rate of state-of-the-art WSN receivers is in the range of 100 kbps-1 Mbps (Rbit ~ 100 

kbps-1 Mbps). 

C. Radiated power (Prad) 

To minimize the transmitter energy consumption, the transmitter must radiate 

just enough power to reach the receiver within its communication distance. If the 

radiated power is too low, the communication fails. On the other hand, if the radiated 

power is too high, then energy is wasted. The radiated power is determined by two 

parameters: the sensitivity of the receiver and the attenuation over the 

communication distance or the path loss. Details of these two parameters are given in 

Section 2.3 where the WSN communication system is discussed. The radiated power 

for a short communication distance is usually below 0 dBm (Prad < 0 dBm). 

D. Start-up power (Pstart-up) 

The start-up power is the power that the transmitter dissipates during the start-up 

phase. The transmitter consumes this power while waiting for the RF source and the 

RF modulator to settle. In long distance communication systems where each 

transmitter block is completely isolated from the others, the start-up power is 

normally reduced to just equal the overhead power by disabling the power amplifier. 

This substantially decreases the start-up power because the power amplifier 

consumes much higher power than the other transmitter blocks. In WSNs, however, 
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all transmitter blocks are designed together in order to minimize the energy 

consumption. Disabling the power amplifier is thus not possible since it will disturb 

the RF source and the RF modulator. As a result, the start-up power in this case is 

approximately the same as the power consumption during the data transmission 

(Pstart-up  Ptransmit). 

E. Start-up time (tstart-up) 

The start-up time is defined as the time period after the transmitter is powered on 

until it is ready to send data to the receiver. This period is typically required for the 

RF source and the RF modulator to settle to their operating points. If the 

transmission time is fairly long, the energy wasted during the start-up time will be 

negligible. However, the transmission time of WSNs is relatively short as only a 

small number of bits are transmitted in one single communication. Thus, the energy 

wasted during this time becomes more significant. For example, assume Nbit = 500 

bits and Rbit = 250 kbps, then ttransmit = 2 ms. If tstart-up = 1 ms, the start-up energy 

consumption when Pstart-up  Ptransmit is approximately 50 % of the energy 

consumption during the data transmission or 33 % of the total transmitter energy 

consumption. The percentage of energy wasted is increased for WSNs that employ a 

lower number of bits and/or a higher bit rate. For this reason, the start-up time of 

WSNs must be reduced in order to minimize the transmitter energy consumption. 

F. Overhead power (Poverhead) and power amplifier efficiency (PA) 
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The last two parameters in (2.2) are the overhead power and the power amplifier 

efficiency. These two parameters can be represented by a single parameter as the 

transmitter efficiency (TX), which is expressed as: 

.rad
TX

rad
overhead

PA

P

P
P









 
(2.3)

The transmitter efficiency indicates how effectively the transmitter converts the 

power consumed into the radiated power. A higher transmitter efficiency implies that 

the transmitter consumes lower power and, hence, lower energy for the same 

radiated power. To improve the transmitter efficiency, the overhead power must be 

minimized and the power amplifier efficiency must be maximized. 

The maximum transmitter efficiency depends largely on the level of the radiated 

power. When the radiated power is high (Poverhead << Prad/PA), the maximum 

transmitter efficiency is limited by the power amplifier efficiency. Conversely, when 

the radiated power is low (Poverhead >> Prad/PA), the maximum transmitter efficiency 

is limited by the ratio of the radiated and overhead power. Since the peer-to-peer 

communication scheme of WSNs requires only a small amount of radiated power, 

WSN transmitters therefore must be designed to minimize the overhead power. 

Subsequently, the power amplifier efficiency must be maximized. 

While there are various parameters for minimizing the transmitter energy 

consumption, the number of bits, bit rate, and radiated power are defined by the 

system level of WSN communication. This work focuses on the circuit level where 
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the transmitter start-up time will be minimized and the transmitter efficiency will be 

maximized. 

2.3 WSN Communication Systems 

There are two types of communication schemes for implementing wireless 

transceivers: narrowband communication and ultra-wideband (UWB) 

communication. Narrowband communication is a traditional system where data is 

modulated onto a continuous wave or a carrier. The power spectral density of this 

wave is concentrated in a narrow bandwidth of a few tens of kHz to MHz. In a UWB 

communication system, data is modulated onto a series of pulses and the pulse power 

is spread over a large bandwidth. These two communication systems are compared 

with each other in order to determine the one that is preferred for battery-free WSN 

applications. 

The comparison uses the communication distance as the criterion for selecting 

the communication scheme. First, the maximum radiated power of the transmitter is 

determined. Receiver sensitivity data from a variety of published WSN receivers is 

then reported. The ratio of the maximum radiated power to the receiver sensitivity 

indicates the maximum attenuation that the transmitted data can withstand. This 

maximum attenuation is converted into a communication distance through a path loss 

model. 

A. Maximum radiated power 
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The maximum radiated power is established to ensure that one communication 

channel does not corrupt a nearby communication channel. The restriction on the 

radiated power usually varies from country to country. In the United States, the 

restriction is written by the Federal Communications Commission (FCC) in Title 47 

of the Code of Federal Regulations Part 15 [15]. 

The FCC specifies different maximum powers for different narrowband 

applications and frequencies. However, only the industrial, scientific, and medical 

(ISM) bands are considered here since ISM bands allow unlicensed communications. 

Out of the 11 ISM bands, the 915-MHz and 2.45-GHz bands are two bands that 

provide a good compromise between a compact antenna with efficient transmission 

and a moderate penetration on various terrains [16]. The maximum radiated power 

for these two narrowband bands is 30 dBm (1 W). 

For the UWB communication system, the FCC does not have any specific 

number on the maximum power. Instead, the power transmission of the UWB system 

is restricted through a power spectral density mask. Figure 2.2 shows the mask for 

indoor UWB systems. The maximum radiated power is calculated by integrating the 

area under the entire mask. However, this integrated power is unrealistic as there is 

no real pulse that can exactly fit into the corners of the rectangular mask. The 

realizable pulse that can occupy most of the mask is the 5th order derivative Gaussian 

pulse [17]. The calculated maximum radiated power of this Gaussian pulse is -5.4 

dBm. There are typically losses of a few dB to allow for margin and, hence, the 
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practical maximum radiated power of the UWB communication system is 

approximately -8 dBm. 

 

Figure 2.2. The FCC power spectral density mask for indoor UWB systems and the 
power spectral density of the 5th order derivative Gaussian pulse. 

B. Receiver sensitivity 

Communication between sensor nodes succeeds when the data is successfully 

transferred from a transmitter to a receiver. The receiver, therefore, is as important as 

the transmitter for determining the performance of the communication link. Key 

performance metrics of recently published state-of-the-art WSN receivers, both 

narrowband and UWB communication systems, are summarized in Table 2.1 and 

Table 2.2, respectively. Classified by architecture, narrowband receivers can be 

divided into four types: (1) frequency down-conversion [7]-[8], (2) envelope 
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detection [9], (3) wake-up [10]-[11], and (4) super regeneration [12]-[14]. UWB 

receivers can be categorized into two types: (1) frequency down-conversion [18]-

[20], and (2) energy detection [21]-[22].  

Table 2.1. Performance summary of recently published narrowband WSN receivers.  

 Tech. Frequency Power Data Rate Energy Sensitivity 

[7] 0.25 m 915 MHz 800 W 20 kbps 40 nJ/b -90 dBm 

[8] 0.13 m 2.45 GHz 330 W 300 kbps 1.1 nJ/b - 

[9] 0.18 m 915 MHz 2.6 mW 1 Mbps 2.6 nJ/b -65 dBm 

[10] 90 nm 2.0 GHz 52 W 100 kbps 520 pJ/b -72 dBm 

[11] 65 nm 2.45 GHz 415 W 500 kbps 830 pJ/b -82 dBm 

[12] 0.13 m 2.45 GHz 2.8 mW 500 kbps 5.6 nJ/b -90 dBm 

[13] 90 nm 403 MHz 400 W 120 kbps 3.3 nJ/b -93 dBm 

[14] 0.18 m 2.45 GHz 215 W 2 Mbps 175 pJ/b -75 dBm 

 

Table 2.2. Performance summary of recently published UWB WSN receivers. 

 Tech. Input BW Pulse Rate Energy Sensitivity 

[18] 0.18 m - 20 Mpps 1.44 nJ/p - 

[19] 0.18 m 600 MHz 15.6 Mpps 6.5 nJ/p -75 dBm 

[20] 0.13 m 1.5 GHz 15.6 Mpps 3.3 nJ/p -79 dBm 

[21] 90 nm 570 MHz 100 kpps 2.5 nJ/p -99 dBm 

[22] 0.13 m 850 MHz 3.9 Mpps 1.1 nJ/p -78 dBm 

 

Narrowband receivers consume very little power and achieve energy efficiency 

on the order of nanojoule per bit (nJ/b) or lower. UWB receivers consume much 
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higher power than narrowband receivers but achieve comparable energy efficiency 

of a few nanojoules per pulse (nJ/p) due to a high pulse rate. Except for wake-up 

receivers, the average sensitivity of narrowband receivers scales from -80 dBm at 1 

Mbps to -90 dBm at 100 kbps. The average sensitivity of UWB receivers scales from 

-78 dBm at 10 Mpps to -98 dBm at 100 kpps. These receiver sensitivities will be 

used as a reference to determine the communication distance of both narrowband and 

UWB communication systems. 

C. Communication distance 

The communication distance is the maximum distance over which a transmitter 

and a receiver are able to communicate. It depends on the ratio of the maximum 

radiated power of the transmitter and the sensitivity of the receiver. This ratio is the 

path loss which can be translated directly into the communication distance. 

A simple equation for the path loss (PL) in dB is 

 1010 log 0PL n d PL     (2.4)

where n is an attenuation coefficient depending on the communication environment, 

d is the distance in meters, and PL0 is the reference path loss at 1 meter in dB. Table 

2.3 summarizes n and PL0 for line-of-sight (LOS) and non-line-of-sight (NLOS) path 

losses in both narrowband (915-MHz and 2.45-GHz bands) [23] and indoor UWB 

[24] communications. The relationship between path loss and distance is plotted in 

Figure 2.3. 
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Table 2.3. Path loss parameters of narrowband (915-MHz and 2.45-GHz bands) and 
indoor UWB communications for LOS and NLOS environments. 

915 MHz 2.45 GHz UWB Path loss 
parameter 

LOS NLOS LOS NLOS LOS NLOS 

n 2.18 2.58 2.18 2.58 1.7 3.1 

PL0 (dB) 31.7 40.2 47.3 50.5 

 

Figure 2.3. Path loss of narrowband (915-MHz and 2.45-GHz bands) and indoor 
UWB communications for LOS and NLOS environments. 

Narrowband communication, which has a maximum radiated power of 30 dB and 

a receiver sensitivity of -80 dBm at 1 Mbps, can tolerate a path loss up to 110 dB. 

This is equivalent to a communication distance of hundreds of meters. The UWB 

communication distance can be determined similarly with a maximum radiated 

power of -8 dBm and a receiver sensitivity of -88 dBm at the same 1 Mbps. 
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However, a bandwidth scaling must be included. The Gaussian pulse in Figure 2.2 

spreads its -8-dBm maximum radiated power over approximately 6-GHz bandwidth 

while the average input bandwidth of receivers in Table 2.2 is about only 1 GHz. To 

match these two bandwidths, the input bandwidth is scaled up by a factor of 6. The 

receiver sensitivity is generally increased up to 8 dB due to the increased received 

noise. Thus, the path loss of UWB communication is approximately 72 dB. This 

translates to the UWB communication distance of about 30 meters in LOS or less 

than 5 meters in NLOS. 

This limited communication distance makes the UWB system impractical for 

WSNs where sensor nodes are separated by 10 meters or more. As a result, the 

narrowband communication system is preferred for implementing WSNs where 

communicating sensor nodes are 10-40 meters apart. Furthermore, with a separation 

distance limited to 10-40 meters, the narrowband transmitter does not need to output 

the 30-dBm maximum radiated power. It can still communicate effectively while 

decreasing its radiated power to a range of -10 to 0 dBm to minimize energy 

consumption as mentioned in Section 2.2. The architecture of narrowband 

transmitters for WSNs is outlined in the following section. 

2.4 WSN Transmitter Architectures 

In a narrowband communication system, the transmitter architecture can be 

divided into two categories: frequency up-conversion and direct modulation. Both 
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architectures are briefly reviewed before comparing the recent publications of WSN 

transmitters. 

A. Frequency up-conversion architecture 

Block diagrams of narrowband transmitters using the frequency up-conversion 

architecture are illustrated in Figure 2.4. First, the data is modulated in the digital 

domain using a digital modulator and then converted into the signal at the baseband 

frequency by a digital-to-analog converter (D/A). Later the baseband signal is up-

converted to the RF frequency by a mixer. The RF signal is then amplified by a 

power amplifier (PA) before transmitting the output power to an antenna via a 

matching network (MN). The frequency up-conversion can further be categorized 

into two architectures: the heterodyne frequency up-conversion and the homodyne 

frequency up-conversion. 

The heterodyne frequency up-conversion architecture, shown in Figure 2.4(a), 

employs two sets of mixers. The first mixer up-converts the baseband signal to the 

intermediate frequency (IF). The second mixer then up-converts the IF signal to the 

RF frequency. The second up-conversion creates an RF signal with two sidebands, 

and thus a bandpass filter (BPF) is required to reject the unwanted sideband after the 

second mixer. This architecture is very robust and is widely used in cellular phones 

particularly in the early generation phones. However, transmitters with the 

heterodyne frequency up-conversion architecture normally consume high levels of 

power, as they are comprised of many circuit blocks. 
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Figure 2.4. Block diagrams of transmitters using frequency up-conversion. (a) 
Heterodyne, and (b) homodyne architectures. 

An alternative to the heterodyne frequency up-conversion architecture is the 

homodyne architecture depicted in Figure 2.4(b). Here, the baseband signal is 

directly up-converted to the RF signal. The power consumption of the homodyne 

architecture is generally lower than that of the heterodyne architecture due to the 

elimination of the second mixer and the bandpass filter. Thus, this architecture is 

more suitable for compact portable wireless communication devices. A drawback of 

the homodyne architecture is the pulling of the local oscillator (LO). With a single 

up-conversion, the LO and the RF frequencies are similar. The RF leakage, either by 

coupling from a power amplifier or by radiating from an antenna, can pull the LO 
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away from its desired oscillation frequency. The local oscillator, therefore, must be 

carefully designed to withstand the frequency pulling. 

In addition, a quadrature structure is typically employed in the frequency up-

conversion architecture in order to support high spectral efficiency modulation 

schemes such as QPSK, QAM, etc. The data is split into an in-phase (I) and 

quadrature (Q) components. Both in-phase and quadrature data are up-converted by 

their respective in-phase LO/IF and quadrature LO/IF. The quadrature structure is 

particularly useful in bandwidth-constrained communication systems since it 

decreases the required bandwidth by half for the same data rate or increases the data 

throughput to twice for the same bandwidth. 

B. Direct modulation architecture 

Figure 2.5 shows the block diagram of a direct modulation transmitter. As the 

name suggests, data is modulated to the RF frequency by directly changing the RF 

signal without the use of a mixer. The direct modulation architecture is simpler and 

consumes significantly less power than the frequency up-conversion architecture 

because it has a smaller number of circuit blocks. However, this architecture can 

support only a few simple modulation schemes. 

The on-off keying (OOK) modulation, an extreme case of amplitude shift keying 

(ASK) modulation, is accomplished by turning either the power amplifier or the 

oscillator on and off. The transmitter also saves energy during the off period. 
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However, the data rate of this modulation scheme is limited by how fast the power 

amplifier or the oscillator can be turned on and off. 

 

Figure 2.5. Block diagram of a transmitter using the direct modulation architecture. 

Another popular modulation for this architecture is frequency shift keying (FSK). 

The RF frequency can be modulated in two ways. The first approach is changing the 

frequency divider ratio in a phase-locked loop (PLL) or frequency-locked loop 

(FLL). The PLL/FLL, as an RF source, generates the RF frequency by multiplying 

the frequency of a stable low-frequency reference such as a crystal oscillator. Thus, 

changing the frequency multiplication or divide ratio moves the RF frequency. In 

this approach the maximum data rate is set by the bandwidth of the PLL/FLL. The 

second approach is to directly change the frequency of the oscillator inside the 

PLL/FLL. In this case, the data rate is not tied to the PLL/FLL bandwidth. However, 

the oscillation frequency must be precisely tuned and stored for all FSK frequencies 

prior to the modulation. 

The last possible modulation is phase shift keying (PSK). For a differential 

oscillator, binary PSK (BPSK) modulation is done by multiplexing the differential 
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outputs for a 180-degree phase shift. The abrupt change of phases in BPSK causes 

the spectrum to spread out into sidebands. Thus, BPSK modulation has less spectral 

efficiency than OOK or FSK modulations. 

2.5 Recently Published WSN Transmitters 

This section summarizes recently published state-of-the-art WSN transmitters. 

These transmitters are classified by their architecture described in the previous 

section. Table 2.4 shows key performance parameters of frequency up-conversion 

WSN transmitters while Table 2.5 presents the same parameters for direct 

modulation WSN transmitters. 

Table 2.4. Performance summary of recently published frequency up-conversion 
WSN transmitters. 

 Tech. Frequency Consumed 
power 

Radiated 
power 

Efficiency 

Heterodyne frequency up-conversion 

[25]1 0.25 m 2.4 GHz 16 mW 0 dBm 6.25 % 

[26] 0.18 m 868 MHz 38.8 mW 9.5 dBm 23.0 % 

[27] 0.13 m 915 MHz 3.16 mW -7.0 dBm 6.31 % 

Homodyne frequency up-conversion 

[28] 0.5 m 434 MHz 25 mW 9.8 dBm 38.0 % 

[29]1 0.18 m 2.4 GHz 5.4 mW 0 dBm 18.5 % 

[30] 0.18 m 915 MHz 28.8 mW 0 dBm 3.47 % 

[31] 0.18 m 405 MHz 1.87 mW -12 dBm 3.34 % 

[32] 0.13 m 915 MHz 2.7 mW -6 dBm 9.26 % 

[33]1 90 nm 960 MHz 23.3 mW 10.3 dBm 46.0 % 
1Without LO generation. 
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Table 2.5. Performance summary of recently published direct modulation WSN 
transmitters. 

 Tech. Frequency Consumed 
power 

Radiated 
power 

Efficiency 

Power amplifier OOK direct modulation 

[9] 0.18 m 915 MHz 9.1 mW -2.2 dBm 6.62 % 

[34] 0.18 m 2.4 GHz 11.2 mW 0 dBm 8.93 % 

[35] 90 nm 2.4 GHz 3.88 mW 0 dBm 25.8 % 

Oscillator OOK direct modulation 

[36] - 1.9 GHz 1.65 mW -4.2 dBm 23.0 % 

[37] 0.13 m 1.9 GHz 2.63 mW 0.8 dBm 45.7 % 

[38] 0.13 m 1.9 GHz 3.6 mW 0 dBm 27.8 % 

[39] 0.18 m 440 MHz 5.2 mW -0.2 dBm 18.4 % 

PLL/FLL divider FSK direct modulation 

[40] 0.25 m 434 MHz 5.0 mW 0 dBm 20.0 % 

[41] 0.18 m 2.4 GHz 28.3 mW 3 dBm 7.08 % 

Oscillator FSK direct modulation 

[7] 0.25 m 915 MHz 1.3 mW -6 dBm 19.2 % 

[8] 0.13 m 2.4 GHz 1.0 mW -5.2 dBm 30.0 % 

[42] 0.13 m 5.2 GHz 4.25 mW 0 dBm 23.5 % 

[43] 0.18 m 915 MHz 0.7 mW -10 dBm 14.3 % 

 

In the frequency up-conversion transmitters listed in Table 2.4, heterodyne 

transmitters consume more power than homodyne transmitters for the same radiated 

power because of the extra circuit blocks as mentioned in Section 2.4. None of these 

frequency up-conversion transmitters with radiated power of 0 dBm or below 

(shaded in Table 2.4) has efficiency greater than 10 % (except [29] since LO 
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generation power is not included). These transmitters with a low radiated power have 

poor efficiency since they have a relatively high overhead power. 

On the contrary, there is at least one direct modulation transmitter in each of the 

four categories listed in Table 2.5 that radiates power of 0 dBm or lower but still has 

efficiency of 20 % or higher (shaded in Table 2.5). The efficiency is substantially 

improved particularly at low radiated power because the direct modulation 

architecture has fewer circuit blocks and hence has lower overhead power than the 

frequency up-conversion architecture. Thus, in terms of low energy consumption, 

direct modulation is preferred for use in the WSN transmitter. 

2.6 Battery-Free WSN Transmitters 

Battery-free WSNs are ultra-low-energy WSNs where sensor nodes are powered 

by energy harvesters instead of batteries. By getting rid of batteries which are 

commonly used as the main power source in today’s WSNs, sensor nodes will be 

more compact, lighter, and have virtually infinite lifetime. These improvements will 

allow battery-free WSNs to be applied to many new applications. 

To make battery-free WSNs viable, the WSN transmitter must consume as little 

energy as possible. First, the WSN transmitter is designed to radiate in the range of  -

10 to 0 dBm. This is sufficient radiated power to communicate to WSN receivers 

within 10-40 meters. A direct modulation architecture is employed for low overhead 

power. To further minimize the energy consumption, the transmitter start-up time is 

shortened by using a fast frequency calibration described in Chapter 3. The direct 
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modulation transmitter with a high efficiency design is demonstrated in Chapter 4. 

The developed WSN transmitter in conjunction with OOK receivers in [9],[12]-[13] 

or FSK receivers in [7]-[8],[14] forms the basis for ultra-low-energy WSN 

transceivers for battery-free WSNs. 
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3. A 915-MHZ WSN TRANSMITTER WITH FAST FREQUENCY 
CALIBRATION 

3.1 Introduction 

As wireless sensor networks (WSNs) continue to become larger and more 

complex, it is essential that more efficient and reliable sensor nodes be designed. As 

discussed in Section 1.2, WSNs use a peer-to-peer communication scheme to 

transmit data over large distances. This makes the development of more energy-

efficient sensor nodes especially important, since a WSN can consist of countless 

interconnected sensor nodes. As a result, it is crucial to minimize the energy 

consumption of sensor nodes without compromising their overall performance. The 

primary focus of minimizing the energy consumption here is on the WSN transmitter 

since it dissipates comparatively higher energy than other circuits in the sensor node. 

In a conventional transmitter, data transmission is the operation that consumes 

the most energy. However, in WSN transmitters, energy consumption during data 

transmission is much lower because the transmission distance is shorter and the 

radiated power is lower. Generally, WSN data transmission periods are shorter 

because smaller amounts of data are transmitted between nodes. In addition, the 

radiated power is usually lower because communication distances tend to be shorter. 

This means that minimizing the energy wasted during a WSN transmitter’s start-up 

period is crucial to improving a sensor node’s energy-efficiency, as mentioned in 

Section 2.2. 
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Tuning the oscillator frequency is generally the longest operation during a 

transmitter’s start-up. This chapter discusses fast frequency calibration, which 

shortens the time it takes to tune the oscillator, thus reducing the overall energy 

consumption of the sensor node transmitter. The fast frequency calibration technique 

is incorporated into a low-power 915-MHz transmitter as the prototype. It is 

designed to communicate with the low-power super-regenerative receiver presented 

in [44]. 

3.2 Fast Frequency Calibration 

The primary requisite for all radio transmissions is to generate a radio frequency 

(RF) as a carrier signal. RF generation can be accomplished by a variety of oscillator 

topologies, including LC-based, relaxation, or ring oscillators. However, the 

oscillation frequency varies widely with process, voltage, and temperature variations. 

Therefore, frequency tuning is required to control the oscillation frequency. The only 

exception is an oscillator based on the RF MEMS resonator where the resonant 

frequency is well-defined by high-precision physical dimensions and has good 

frequency stability over a wide range of temperatures [45]. 

The most commonly used frequency tuning circuit is the phase-locked loop 

(PLL). A PLL is comprised of a frequency divider, phase-frequency detector (PFD), 

charge pump, loop filter, and voltage controlled oscillator (VCO), as shown in Figure 

3.1(a). The frequency divider senses the frequency of the oscillation signal (Fosc) and 

divides it down by an integer number (N). The phase of the frequency-divided signal 
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(Fosc/N) is then compared with the phase of the reference signal (Fref) at the PFD. The 

phase difference is fed to a charge pump and loop filter and is finally converted into 

the control voltage for the oscillator. This feedback loop forces Fosc/N and Fref phases 

to be the same, hence their frequencies are equal. The frequency of Fosc is therefore 

N times the frequency of Fref. 

The shortcoming of using a PLL as the frequency tuning circuit is its long 

locking time. The PLL locking time is inversely proportional to the PLL loop 

bandwidth and the frequency accuracy. As a rule of thumb, the PLL loop bandwidth 

must be less than 10 times the reference frequency for the stability of the feedback 

loop. The locking time usually takes up to hundred cycles or more of Fref for the 

oscillation frequency to settle within the accuracy of 1%. Therefore, the locking time 

of PLLs must be reduced in order to minimize the energy consumption of 

transmitters in WSNs. 

Figure 3.1(b) displays the timing diagram of an example PLL. At t1, the PLL is 

locked since the rising edges of Fosc/N and Fref are aligned. If the oscillation 

frequency is exactly N times the reference frequency, the rising edge of Fosc/N is still 

aligned with that of Fref at t2. If the oscillation frequency is higher or lower than N 

times the reference frequency, the Fosc/N rising edge then rises earlier or later, 

respectively, compared to the Fref rising edge at t2. In other words, the frequency 

divider can be used as the frequency discriminator at t2 when Fosc/N and Fref phases 

start simultaneously at t1. 
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Figure 3.1. Phase-locked loop. (a) Block, and (b) timing diagrams. 

By adding a reset signal (Rdiv) which forces the frequency divider at t1 to be 

under the same condition as when these phases are aligned, the frequency calibration 

loop shown in Figure 3.2(a) is constructed. Both Fosc/N and Fref are evaluated using 

the rising-edge comparator to determine whether the oscillation frequency is higher 

or lower than N times the reference frequency. The calibration control takes the 

output from the rising-edge comparator and then adjusts the oscillation frequency 

until it equals N times the reference frequency. 

Two additional periods, t0-t1 and t2-t3, depicted in Figure 3.2(b), have been added 

at the beginning and at the end of the frequency comparison period. Through t0-t1 the 

frequency divider gets reset while waiting for the oscillator frequency to stabilize 

after the calibration control output changes. The calibration control uses the t2-t3 
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period to evaluate the comparator output before adjusting the oscillation frequency 

for the next frequency comparison. Thus, only two cycles of Fref are taken to run one 

frequency comparison. For the digitally controlled oscillator (DCO), the calibration 

control typically employs a successive approximation register (SAR) algorithm to 

calibrate the oscillation frequency. With an m-bit DCO, the entire frequency 

calibration will take m frequency comparisons and hence finish within 2·m cycles of 

Fref. 

 

Figure 3.2. Fast frequency calibration loop. (a) Block, and (b) timing diagrams for a 
DCO with the SAR algorithm. 

The advantages of this fast frequency calibration technique over the calibration 

technique in [46] are simplicity and higher energy efficiency. In [46], a charge pump 

is used to convert the difference of Fref and Fosc/N periods into a difference of 

voltages held on capacitors. The oscillation frequency is then adjusted based on this 
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voltage difference. Instead of using a reset signal such as the frequency calibration 

loop in Figure 3.2, the calibration technique in [46] holds voltages on capacitors, 

eliminating the need for phase alignment. Both frequency calibration techniques use 

two cycles of Fref for one frequency comparison. Thus, the frequency calibration 

time of both techniques is the same for the same reference frequency. However, the 

technique of [46] requires a Fref with 8 phases, a phase selector, a charge pump, and 

a voltage comparator. Therefore, it is more complicated and consumes more power 

than the frequency calibration technique proposed in Figure 3.2. 

Despite the simplicity and low power consumption, the proposed fast frequency 

calibration technique has limited frequency accuracy. Even though Rdiv resets the 

frequency divider to the same condition as when the PLL is locked, it does not 

guarantee that Fosc rises exactly at t1. For this reason, the initial phase of Fosc can be 

off by up to one cycle. As a result, the calibrated frequency can deviate 

systematically up to one-Nth of the oscillation frequency, which equals the frequency 

of Fref. Thus, the Fref frequency should be as high as tolerable frequency accuracy to 

minimize the frequency calibration time. 

The fast frequency calibration technique can be used in many applications where 

low power consumption is important. This calibration technique can be used with 

wideband VCOs, which reduce phase noise by employing multiple sub-bands [46]-

[48]. As long as two consecutive sub-bands overlap and are greater than the 

reference frequency, this frequency calibration technique will quickly search for the 

closest sub-band before allowing the VCO to operate normally. Figure 3.3 illustrates 
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the concept of this wideband VCO frequency tuning. By sharing the frequency 

divider for both loops, the implementation of this frequency tuning circuit is 

compact. The calibration technique is also ideal for ultra-low-energy WSN 

transmitters communicating to super-regenerative receivers with a wide input 

bandwidth. The wide input bandwidth helps accommodate the transmitter frequency 

variation due to the limited frequency accuracy. The circuit implementation of this 

fast frequency calibration technique is described in the next section. 

 

Figure 3.3. Block diagram of the frequency tuning loop for a wideband VCO with 
multiple sub-bands. 

3.3 Frequency Calibration Circuit Design 

Fast frequency calibration helps decrease the transmitter start-up time. For the 

start-up energy consumption to be minimal, the frequency calibration circuit must 

consume as little power as possible. This section presents a low-power 

implementation of this frequency calibration technique. Figure 3.4(a) displays the 
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block diagram of the circuit implementation, which contains two more blocks: a 

divide-by-2 block and an additional frequency divider. 

The divide-by-2 block serves as a buffer for the oscillator and also converts a 

sinusoidal wave at the oscillation frequency (Fosc) into a square wave at half the 

oscillation frequency (Fosc/2). This eases the speed requirement of the frequency 

divider by a factor of two. However, the reference frequency must also be reduced 

by a factor of two to maintain the original frequency accuracy. As a consequence, the 

energy dissipation during the transmitter start-up period increases as the frequency 

calibration time is doubled. 

 

Figure 3.4. Circuit implementation of the fast frequency calibration loop. (a) Block, 
and (b) timing diagrams. 
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The additional frequency divider is inserted between the reference and the rising-

edge comparator. The purpose of this block is not to divide the reference frequency 

but to add a delay time (td) to the rising edge of Fref. This delay time equalizes the 

propagation delay of the main frequency divider when the Nth rising edge of Fosc/2 

triggers the rising edge of Fosc/2N. The delay equalization is accomplished by adding 

the additional reference reset signal (Rref) to the frequency divider. This Rref forces 

the additional frequency divider to be under the same condition as the main 

frequency divider before triggering by the Nth rising edge of Fosc/2. The timing of 

these signals is depicted in Figure 3.4(b). 

A. Divide-by-2 circuit 

The low-power realization of the divide-by-2 circuit is shown in Figure 3.5. The 

differential sinusoidal input is squared up by two input inverters. The input 

frequency is then divided by three inverters connected as a ring oscillator with two 

transmission gates in between. Without these transmission gates, the ring oscillator 

output toggles at the period equal to twice the total delay of the ring oscillator loop. 

The two transmission gates with opposite input phases force the loop delay to equal 

the input period. Thus, the output of this circuit toggles at the period equal to twice 

the input period or at a frequency equal to half the input frequency. 

 

Figure 3.5. Schematic of the divide-by-2 circuit. 
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Of all the circuits in this frequency calibration technique, the divide-by-2 circuit 

operates at the highest frequency. To achieve high speed operation while consuming 

low amount of power, transistors are sized to have a high ratio of the 

transconductance to the parasitic capacitance. This allows the divide-by-2 circuit 

with an adequate supply voltage to operate at a high frequency. In this divider, no 

static power is consumed and the dynamic power due to switching is minimal 

because of a low parasitic capacitance design. 

B. Frequency divider circuit with Rdiv and Rref 

The implementation of the frequency divider with Rdiv and Rref is based on the 

truly modular programmable divider presented in [49]. This programmable divider is 

constructed by cascading p stages of divide-by-2/3 cells as shown in Figure 3.6. Its 

basic operation is similar to p-stage divide-by-2 cells in series where the output 

period (Tout) is 2p times the input period (Tin). However, the modulus chain (M) in 

this programmable divider allows extra p periods to be added or not be added to Tout, 

depending on the programmable control signal (P). Each of the extra periods is 

inserted when one of these cells is selected to be divide-by-3. The length of these p 

periods varies from 2p-1·Tin of the last cell down to 1·Tin of the first cell. Hence, Tout 

of this frequency divider can be written as: 

 1 2
1 2 1 02 2 2 ... 2p p p

out p p inT P P P P T 
            (3.1)

Therefore, the frequency divider number (N), which is the ratio of Tout over Tin, can 

be summarized as: 
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2 [ 1: 0].pN P p    (3.2)

The division range, which is defined by the minimum and the maximum N, is 2p to 

2p+1-1 for P = 0 and P = 2p-1, respectively. Because of the truly modular architecture 

of the frequency divider, the division range can be easily scaled by increasing or 

decreasing the number of cascaded stages. Moreover, the division range can be 

extended by a factor of two with only a few extra gates per stage as demonstrated in 

[50]. 

 

Figure 3.6. Architecture of the frequency divider circuit with Rdiv and Rref. 

Figure 3.7 represents the schematic of the divide-by-2/3 cell using logic gates. It 

consists of 4 D-latches and 5 gates. The upper two D-latches connected in a feedback 

loop function as a divide-by-2 circuit. The lower two D-latches control the insertion 

of the extra divide-by-3 period depending on M and P. These D-latches and gates are 

combined together as illustrated with dashed boxes and then realized by using the 

true single-phase-clocking (TSPC) technique [51] to minimize the number of 

transistors. Fewer transistors result in a smaller parasitic capacitance. As a result, the 

frequency divider presented in Figure 3.6 will operate at high speed and consume 
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low amounts of power. The transistor-level schematic of the divide-by-2/3 cell is 

depicted in Figure 3.8 with corresponding dashed boxes from Figure 3.7. 

 

Figure 3.7. Logic-gate-level schematic of the divide-by-2/3 cell. 

 

Figure 3.8. Transistor-level schematic of the divide-by-2/3 cell. 

C. Rising-edge comparator circuit 
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The rising-edge comparator simply consists of two inverters with an additional 

NMOS cross-coupled pair inserted on top of the inverter NMOS, as shown in Figure 

3.9. The input that rises first will toggle its output and disable the other output to be 

toggled when the other input rises. In this frequency calibration, one output indicates 

that the oscillation frequency is lower than 2·N times the reference frequency and the 

other output indicates the opposite. 

 

Figure 3.9. Schematic of the rising-edge comparator. 

D. SAR calibration control 

The SAR algorithm is utilized for frequency calibration of the DCO as shown in 

Figure 3.10. The algorithm starts by resetting the digital calibration value (Dcal) for 

the minimum oscillation frequency. After that, the MSB of Dcal is set for a higher 

frequency. Then the frequency comparison is made by generating Rdiv and Rref as 

illustrated in Figure 3.4(b). If the oscillation frequency is higher than the desired 

frequency, the MSB is reset. This frequency comparison repeats from the MSB to the 

LSB of Dcal, and the oscillation frequency converges closest to the desired frequency 

on the final Dcal. The calibration control circuit is simply synthesized using logic-
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gate standard cells. The power consumption of the calibration control circuit is 

negligible since it operates at a relatively low speed. 

 

Figure 3.10. Flow chart of the SAR calibration control. 

3.4 Transmitter Circuit Design 

The prototype WSN transmitter with fast frequency calibration is designed to 

pair with the super-regenerative receiver in [44]. The transmitter employs the direct 

modulation architecture for low energy consumption as described in Section 2.4. The 

transmitter block diagram is depicted in Figure 3.11. In addition to the frequency 

calibration circuit, the transmitter contains an oscillator, a power amplifier with an 

impedance transformer, and digital control. The oscillator generates an RF frequency 

for the 915-MHz ISM band as a carrier signal. It alternates between two RF 

frequencies to represent the BFSK modulation data. The power amplifier is used to 

drive the antenna for an efficient delivery of the radiated power around -3 dBm. The 

digital control manages two frequency calibrations for BFSK modulation and 
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provides the data serial interface as well. The following subsections describe each of 

these blocks in detail. 

 

Figure 3.11. Block diagram of the 915-MHz WSN transmitter. 

A. Oscillator 

The schematic of the digitally controlled oscillator is displayed in Figure 3.12. 

The oscillator is made of PMOS and NMOS cross-coupled pairs and an LC 

resonator. The oscillator output is centered at the middle of the supply voltage. 

Therefore, it can directly connect to the divide-by-2 circuit of the frequency 

calibration block without the need for any biasing circuit. The oscillation frequency 

(fosc) is expressed as: 

1
.

2
oscf

LC
  

(3.3) 

The inductance is implemented by a single 10.4-nH off-chip inductor. Using the off-

chip inductor is much cheaper than fabricating a large on-chip inductor at 915 MHz. 

More importantly, it minimizes the oscillator power consumption due to its higher 
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quality factor (Q). The capacitance consists of 8-bit binary-weighted varactors plus 

another MSB varactor. The combination of these varactors creates 384 different 

capacitance values and hence 384 oscillation frequencies. The oscillator is designed 

to oscillate from 820 to 1010 MHz with a frequency step of approximately 0.5 MHz. 

This oscillation range covers the 915-MHz ISM band (902-928 MHz) with ± 9 % 

margin in order to tolerate inductor and varactor variations. The oscillator has a 

frequency step of approximately 0.5 MHz. This is two times smaller than the 

frequency calibration accuracy of 1 MHz. Thus, the frequency accuracy of the 

transmitter is dominated by the frequency accuracy of the frequency calibration. 

 

Figure 3.12. Schematic of the digitally controlled oscillator. 

B. Power amplifier with an impedance transformer 

Figure 3.13 shows the schematic of the power amplifier with an impedance 

transformer. The pseudo differential driver is comprised of both PMOS and NMOS 

transistors. Each transistor is biased so that it conducts current for only half of the 

oscillation period. This is the same as a push-pull amplifier, which has a theoretical 
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peak efficiency of 78 % at the maximum output swing. The impedance transformer 

is formed by an LC matching network and a balun. It increases the antenna resistance 

(Rant) seen by the driver in order for the driver to deliver the desired -3 dBm radiated 

power with peak efficiency at the maximum output swing. 

 

Figure 3.13. Schematic of the power amplifier with an impedance transformer. 

C. Frequency calibration circuit and digital control 

The frequency calibration circuit as described in Section 3.3 is implemented by 

cascading 9 divide-by-2/3 cells as the frequency divider. These 9 cells give the 

programmable control signal (P) a total of 9 bits and hence the divider number (N) 

from (3.2) of 512-1023. However, the top 3 bits are marked as a ‘110’ constant since 

only the last 6 bits are sufficient to cover the 915-MHz ISM band with Fref of 0.5 

MHz. In this case, N is shrunk down to 896-959 and the calibrated frequency can be 

specified as 896-959 MHz with 1-MHz increments. The 0.5-MHz Fref is chosen to 

limit the calibration frequency accuracy to 1 MHz. This accuracy is sufficient for the 
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transmitter since it is still lower than the input bandwidth of the intended receiver in 

[44]. 

The SAR calibration control and the digital control, labeled by the dashed box in 

Figure 3.11, are written in VHDL and synthesized using logic-gate standard cells. 

First, the digital control resets the transmitter and then initializes two Ns that 

correspond to the two BFSK frequencies. After that, the digital control calibrates the 

oscillator twice and keeps two digital control codes (Dcal) as the result. Finally, the 

digital control transmits the BFSK data by multiplexing the oscillation frequency 

through these two Dcal codes. 

3.5 Measurement Results 

 

Figure 3.14. Die photograph of the transmitter. 
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The prototype transmitter was fabricated in a 0.18-m CMOS process and 

occupies an active area of only 0.25 mm2, excluding the power supply and digital 

control pads. Figure 3.14 shows the die photograph of the transmitter. The oscillator 

pads and the power amplifier pads are positioned to be bonded perpendicularly in 

order to minimize RF coupling. 

 

 

Figure 3.15. Measured calibrated frequency with divider number sweep. (a) 
Oscillation frequency. (b) Frequency deviation. 
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One frequency calibration of the 9-bit DCO takes 18 clock cycles. Thus, to 

complete two frequency calibrations for BFSK modulation, 36 clock cycles are 

required. This translates to a fast calibration time of 72 s with a 0.5-MHz Fref. The 

calibrated frequency is plotted in Figure 3.15(a). It linearly increases as the divider 

number increases. Most calibrated frequencies are in the range 2·(N-1)·Fref and 

2·N·Fref. In other words, they deviate within the range of the 1-MHz frequency 

accuracy as shown in Figure 3.15(b). However, some calibrated frequencies of this 

transmitter exceed the lower bound. This additional frequency deviation is caused by 

the frequency step limitation of the DCO. The frequency deviation will be closer to 

the systematic frequency accuracy as the DCO frequency step becomes smaller. 

 

Figure 3.16. Measured output spectrum at 915 MHz. 
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The transmitter operates with a 0.9-V supply. The frequency calibration circuit 

draws power that is less than 100 W and can be disabled during a data transmission 

period. The oscillator consumes about 410 W. It oscillates from 864 MHz to 1.06 

GHz, slightly higher than the design but still within the tolerance margin. The power 

amplifier outputs -2.9 dBm of radiated power while dissipating 1.50 mW. This 

corresponds to a power amplifier efficiency and transmitter efficiency of 34 % and 

27 %, respectively. Figure 3.16 displays the output spectrum at 915 MHz. The 

transmitter oscillator exhibits good phase noise as low as -122 dBc/Hz at a 1-MHz 

offset frequency. 

In addition, the prototype transmitter is capable of communicating with an OOK 

receiver by turning on and off the transmitter output. The output is turned on and off 

by enabling and disabling the bias voltage control of the oscillator and power 

amplifier. The on and off times as depicted in Figure 3.17 are 120 and 70 ns, 

respectively. If these transition times are assumed to be equal to 10 % of a bit period, 

the transmitter can transmit OOK modulation data up to 1 Mbps. Moreover, the 

calibration time is reduced by a factor of two as only one frequency calibration is 

required. 

Table 3.1 summarizes the key performance parameters of this prototype 

transmitter and provides a comparison with other low-power WSN transmitters. This 

transmitter has high efficiency and a short frequency tuning time. This reduces the 

energy dissipation during start-up of the transmitter. 
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Figure 3.17. Measured output transient with bias voltage control. 

Table 3.1. Performance summary of the prototype transmitter and comparison to 
other low-power WSN transmitters. 

 [7] [8] [38] [40] This work 

Technology (m) 0.25 0.13 0.13 0.25 0.18 

Frequency (MHz) 915 2450 1900 434 915 

Supply voltage (V) 1.2 0.4 1.0 1.3 0.9 

Radiated power (dBm) -6.0 -5.2 0 0 -2.9 

Power consumption (mW) 1.3 1.0 3.6 5.0 1.91 

Transmitter efficiency (%) 19 30 28 20 27 

Frequency tuning time and 
reference frequency 

- - - 200 s 

8 MHz 

72 s 

0.5 MHz 
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3.6 Summary 

The design of an ultra-low-energy transmitter for wireless sensor networks is 

presented. The transmitter design incorporates a fast frequency calibration to reduce 

the frequency tuning time. This minimizes the energy consumption during the 

transmitter start-up period. 

The prototype transmitter was fabricated in a 0.18-m CMOS technology. It is 

capable of modulating both OOK and BFSK data on to the 915-MHz ISM band. By 

using a direct modulation architecture, the transmitter consumes power as low as 

1.91 mW while efficiently radiating a power of -2.9 dBm. 
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4. A 2.4-GHZ HIGH-EFFICIENCY WSN TRANSMITTER USING 
A POWER OSCILLATOR 

4.1 Introduction 

Wireless sensor networks (WSNs) are becoming more widely used to monitor 

systems. In order to be suitable for a variety of applications, miniature sensor nodes 

must be developed. For ultra-low-energy sensor nodes, energy harvesting can be 

used as an energy source instead of a battery. This creates a battery-free WSN which 

has virtually limitless lifetime. To achieve the low level of energy consumption, 

WSN transmitters, the most dominant source of energy consumption in sensor nodes, 

should be designed to consume the lowest possible energy. 

The energy consumption of WSN transmitters can be significantly reduced by 

utilizing a high efficiency transmitter. However, designing a high efficiency 

transmitter for WSNs is difficult because of the relatively low radiated power levels. 

The radiated power of WSN transmitters is low as the communication distance 

between sensor nodes is fairly short. As a result, a small amount of power loss in the 

transmitter can decrease the transmitter efficiency significantly. The transmitter 

power loss must be minimized in order to achieve a high transmitter efficiency. 

This chapter demonstrates the design of a 2.45-GHz WSN transmitter operating 

with a single supply of 0.65 V. The presented transmitter employs a power oscillator 

architecture [38] to decrease the transmitter power loss. The efficiency of the power 

oscillator circuit is analyzed and a detailed design procedure is developed. This 
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procedure provides guidelines for maximum efficiency and an optimal supply 

voltage. 

4.2 Power Oscillator Architecture 

In a conventional direct modulation architecture reviewed in Section 2.4, an 

oscillator and a power amplifier are designed separately to serve as a frequency 

generator and an antenna driver, respectively. A power oscillator architecture 

combines these two circuits. Thereby the power loss is lowered since the same power 

is consumed for both the oscillating and antenna driving functions. This power loss 

reduction helps improve the transmitter efficiency, particularly for WSN transmitters 

where the power consumption is typically low. 

Figure 4.1 displays the schematic of the power oscillator circuit. It consists of an 

LC oscillator with an impedance transformer and an antenna as a part of its resonant 

load. In this circuit, an NMOSFET cross-coupled pair produces the oscillation. The 

oscillation frequency is determined by the inductance, the varactor capacitance, and 

the impedance transformer capacitance. The varactor DC voltage (Vvar) is used to 

control the frequency of oscillation. The impedance transformer which consists of 

two capacitors is used to boost the resistance of the 50- antenna seen by the 

oscillator. This effective resistance allows the oscillator to operate at the maximum 

achievable efficiency while delivering a desired radiated power to the antenna. 
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Figure 4.1. Schematic of the power oscillator circuit. 

The shortcoming of the power oscillator architecture is a variation in the 

oscillation frequency. The antenna impedance in reality is not a constant and it varies 

depending on its surrounding environment. As a result, the oscillation frequency may 

drift over a period of time since the antenna is part of the oscillator load. For this 

reason, the power oscillator architecture is particularly suitable for a short-duration 

communication such as WSNs where the antenna impedance is considerably 

constant over a single communication period. 

4.3 Power Oscillator Efficiency Analysis 

High efficiency is the primary focus of the power oscillator design. This section 

provides an analysis for the efficiency of the power oscillator. The analysis begins 

with partitioning the power oscillator circuit into two blocks illustrated by the two 

dashed boxes in Figure 4.1. The first block contains only the MOSFET cross-

coupled pair while the other block contains the rest of the circuit which includes only 

RLC components. The efficiency of both blocks (MOSFET and RLC components) 

and the whole power oscillator are described as follows. 
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A. MOS transistor efficiency (MOS) 

The efficiency of the MOSFET cross-coupled pair driving the oscillator output 

can be evaluated through a single MOS transistor modeled in Figure 4.2(a). Because 

of the oscillation, the voltages across the gate-source (Vgs) and drain-source (Vds) 

terminals can be considered as an ideal sinusoid with opposite phases and are 

expressed by: 

cos

cos

gs dd i

ds dd o

V V V t

V V V t





 

 
 

 

(4.1)

where Vdd is the DC bias voltage which in Figure 4.1 equals the supply voltage, Vi 

and Vo are the amplitudes of the sinusoidal Vgs and Vds, respectively, and  is the 

oscillation frequency. The current flowing into the drain terminal (Id) based on the 

first-order model of MOSFET current-voltage characteristics can be written as: 
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(4.2) 

where θ = t is the angular phase, k is a process parameter, Vth is the MOSFET 

threshold voltage, W and L are width and length of the MOS transistor,  and  are 

the angular phase boundaries between linear/saturation and saturation/cut-off regions 

of the MOS transistor, respectively.  and  are defined by: 
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(4.3) 

 

 

Figure 4.2. (a) MOS transistor of the power oscillator. (b) Associated voltage, and (c) 
current waveforms (Vdd = 1.5·Vth, Vi = Vo = 1.1·Vth for voltage, and Vi = Vo = 
0.6/1.1/1.6·Vth for current). 

Figure 4.2(b) shows an example of Vgs and Vds when Vdd = 1.5·Vth and Vi = Vo = 

1.1·Vth. The corresponding Id, normalized to its maximum value, is plotted in Figure 
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4.2(c). Two additional drain currents when Vi = Vo = 0.6·Vth and Vi = Vo = 1.6·Vth are 

provided for comparison. These three drain currents represent three different aspects 

of the MOS transistor efficiency. At small sinusoidal amplitudes (0.6·Vth), the 

amplitude of the drain current and hence the efficiency are low. The efficiency 

increases as these voltages and thus the drain current amplitudes increase (1.1·Vth). 

However, too large of an amplitude (1.6·Vth) causes a distortion in the drain current 

waveform and therefore decreases the efficiency. 

The average drain current (Idc) and the power consumption (Pdc) of this MOS 

transistor can be expressed by: 
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(4.4)

The drain current fundamental amplitude (Io) at the oscillation frequency and the 

output power (Po) of this MOS transistor are similarly derived by: 
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(4.5)

The MOS transistor efficiency (MOS) is then determined as: 
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Figure 4.3. MOS transistor efficiency (a) surface, and (b) contour vs. input and 
output sinusoidal amplitudes (Vdd = 1.5·Vth). 
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(4.6)

Figure 4.3(a) illustrates the MOS surface with Vdd = 1.5·Vth for a wide range of Vi 

and Vo normalized to Vth. The corresponding contour plots are shown in Figure 

4.3(b). For the MOSFET cross-coupled oscillator, both Vi and Vo sinusoidal 

amplitudes are equal (Vi = Vo). As a result, the plot of MOS can be simplified as 

depicted in Figure 4.4. The efficiency of the MOSFET part of the oscillator increases 

as the oscillation amplitude (Vosc) increases. However, it reaches a maximum at 

57.6 % and then decreases because of the drain current waveform distortion as 

previously shown in Figure 4.2(c). The drain current fundamental amplitude 

decreases and hence lowers the oscillation output power and MOS. 

 

Figure 4.4. MOS transistor efficiency vs. oscillation amplitude (Vdd = 1.5·Vth). 



 

 

61 

The maximum value of MOS depends on the supply voltage. Figure 4.5 plots the 

maximum MOS for various supply voltages. A lower supply voltage yields a higher 

maximum efficiency. However, the output power capability for a given transistor 

width is also reduced as the supply voltage is lowered. Thus, for a given output 

power, a lower supply oscillator requires a wider transistor, which in turn increases 

the parasitic capacitance. In addition, the transistor’s transconductance is also 

decreased. The increased capacitance and decreased transconductance affect the 

oscillation frequency and the oscillator start-up condition. Both of these 

characteristics must be taken into account when designing the power oscillator. The 

oscillation amplitude where MOS peaks also changes with the supply voltage. 

However, the change is approximately linear with the supply voltage. The oscillation 

amplitude at the maximum MOS varies in a narrow range of 92-96 % with supply 

voltage as shown in Figure 4.5. 

The channel-length modulation of the MOS transistor can be incorporated into 

the efficiency analysis by multiplying Id in (4.2) with the (1+Vds) factor where  is 

the channel-length modulation parameter. However, the effect of  is small since the 

largest Vds occurs when Id is minimal. For  = 0.1, the maximum MOS drops by less 

than 1 %. 



 

 

62 

 

Figure 4.5. Maximum MOS and the oscillation amplitude vs. supply voltage. 

B. RLC efficiency (RLC) 

The RLC block contains all the passive components of the power oscillator 

circuit including the inductor and the varactor of the oscillator, the impedance 

transformer, and the antenna. The simplified model of these components is shown in 

Figure 4.6. Losses in the inductor, varactor, and impedance transformer are 

represented by their respective conductances (Gind, Gvar, and Gz-xfmr). The power 

dissipated at the antenna or the radiated power (Prad) which is delivered through the 

impedance transformer is represented by a conductance (Gant-xfmr) as: 

2

2
.rad

ant xfmr

osc

P
G

V
   

(4.7)



 

 

63 

RLC is defined as the ratio of the radiated power to the total power dissipated. It 

can be written as: 

.
ant xfmr

RLC

ind var z xfmr ant xfmr

G

G G G G
 

 


  

 
(4.8)

By substituting (4.7) in (4.8), it can be seen that RLC for a given radiated power 

exhibits a monotonic decrease as the oscillation amplitude increases. 

 

Figure 4.6. Simplified model of the passive components of the power oscillator. 

C. Power oscillator efficiency (POSC) 

The efficiency of the power oscillator, which comprises the MOS transistor and 

RLC components, can be evaluated by multiplying together these two efficiencies as: 

.POSC MOS RLC     (4.9)

The power oscillator efficiency as a function of the oscillation amplitude will be 

similar to MOS shown in Figure 4.4 but with a lower value because of multiplication 

by RLC. The peak of the power oscillator efficiency also occurs at a lower oscillation 

amplitude than the peak of MOS due to the monotonic decrease of RLC. 

Not every point on the power oscillator efficiency curve can be realized. In order 

for the oscillator to be realizable, the transistor’s transconductance must be high 

enough to ensure oscillator start-up and the transistor’s parasitic capacitance must be 
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low enough so that the maximum desired oscillation frequency can be achieved. 

These constraints will be applied while designing the power oscillator in the next 

section. 

4.4 Power Oscillator Circuit Design 

This section describes the design approach for a high efficiency, 2.45-GHz power 

oscillator circuit in a 0.18-m CMOS process. First, the implementation and the 

design of the low-loss passive components are discussed. Then, the power oscillator 

circuit is designed based on the efficiency analysis of Section 4.3. The optimum 

supply voltage, which yields the highest achievable power oscillator efficiency, is 

then determined. 

A. Passive components 

Having low-loss passive components is important for a high efficiency design. At 

2.45 GHz, the inductor is popularly realized by an on-chip inductor for high 

integration. However, the inductor for this power oscillator design is instead realized 

by a combination of bondwire and PCB trace inductances because of the need for a 

higher Q (lower loss). Unfortunately, the process variations of such an inductor are 

typically larger than an on-chip inductor. Therefore, the oscillator must be designed 

to have a wider tuning range to account for larger inductance variations. 

8-bit binary-weighted varactors with an additional MSB varactor provide 384 

capacitance values for the digital frequency tuning of the power oscillator. The 

oscillation frequency (fosc) can be expressed as: 
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where CMOS is the MOSFET parasitic capacitance, Lind, Cz-xfmr, and Cvar1-9 are the 

oscillator inductance, the impedance transformer capacitance, and the varactor 

capacitances, respectively. 

The tapped-capacitor impedance transformer, shown in Figure 4.7, is used to 

boost the antenna resistance loading for the oscillator for higher efficiency 

oscillation. When the C2 impedance is comparable or smaller than the antenna 

resistance, the impedance transformation ratio (n2) can be approximated as: 
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(4.11)

The tapped-capacitor structure is chosen as the impedance transformer for this power 

oscillator circuit because it provides an inherent DC blocking for the antenna. More 

importantly, the inductor can be omitted because of the inductance shared with the 

power oscillator. However, by sharing the inductance, the impedance transformer 

loads the power oscillator with a capacitance (Cz-xfmr) of 

.1 2 2
z xfmr

1 2

C C C
C

C +C n
    

(4.12)

For this transmitter, the C2 capacitor is chosen as a fixed 1.3 pF to minimize the 

loading of the impedance transformer capacitance while still providing comparable 

impedance to the 50- antenna. The C1 capacitor and n are determined by the 

oscillation amplitude for maximum power oscillator efficiency. 
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Figure 4.7. Schematic of the tapped-capacitor impedance transformer. 

B. Power oscillator 

In Section 4.3A, MOS is calculated based on the MOSFET current-voltage 

characteristics. The actual MOS for both NMOS and PMOS transistors of a specific 

0.18-m CMOS process can be verified by the circuit simulation setup shown in 

Figure 4.8. The efficiency is measured when the output resonant frequency is tuned 

to be exactly the same 2.45 GHz input frequency. This simulation setup also 

provides the transistor’s transconductance and parasitic capacitance for a given 

transistor width. These two parameters are essential for verifying the oscillator start-

up and the maximum oscillation frequency. 

 

Figure 4.8. MOS transistor efficiency simulation circuit (NMOS). 

Figure 4.9 presents MOS with a supply of 0.65 V. The peak efficiencies are 

60.2 % and 54.8 % for NMOS and PMOS transistors, respectively. The NMOS 
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transistor has a higher peak efficiency than the PMOS transistor due to a higher 

threshold voltage in this process (Vth,NMOS = 0.49 V and Vth,PMOS = 0.43 V). These 

correspond to normalized Vdd of 1.33 and 1.51 which are very close to the efficiency 

analysis illustrated in Figure 4.5. 

 

Figure 4.9. NMOS and PMOS transistor efficiencies vs. oscillation amplitude (Vdd = 
0.65 V). 

Although the use of PMOS transistors to implement the power oscillator tends to 

be inferior to the use of NMOS transistors considering MOS, a PMOSFET 

implementation is selected for this design because of the advantages offered in the 

varactor design. In the PMOS power oscillator, the varactor always operates with a 

negative DC voltage. Therefore, the varactor has a higher capacitance spread and 

higher Q than its NMOS counterpart as illustrated in Figure 4.10(b) [52]. The higher 
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capacitance spread implies that the varactor has a lower capacitance for the same 

difference between its maximum and minimum values. This allows the oscillator to 

operate at a higher frequency. The higher Q is directly related to lower loss. 

 

 

Figure 4.10. Comparison of varactor for NMOS and PMOS power oscillator. (a) DC 
voltages. (b) Capacitance and Q. 

The loss of each passive component, represented by its conductance modeled in 

Figure 4.6, is plotted in Figure 4.11. Overall, the loss is dominated by the 2.17-nH 

inductor, followed by the varactor. There is virtually negligible loss from the 
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impedance transformer. Note that the varactor loss varies with the oscillation 

amplitude due to the varactor non-linearity. The varactor is normalized to have the 

same capacitance variation so that the range of the oscillation frequency with this 

inductor will be 2.31-2.59 GHz. This frequency range can tolerate inductor 

variations up to 8 %. Figure 4.11 also plots RLC. RLC is calculated based on a 

radiated power of 360 W (-4.4 dBm) which would be sufficient for a 

communication distance of about 10-20 meters. As mentioned in Section 4.3, RLC 

monotonically decreases as the oscillation amplitude increases. 

 

Figure 4.11. Loss conductance of the passive components and RLC vs. oscillation 
amplitude. 
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Figure 4.12. Power oscillator efficiency vs. oscillation amplitude. 

The power oscillator efficiency is finally computed by multiplying MOS of the 

PMOS transistor from Figure 4.9 and RLC from Figure 4.11. The result is depicted in 

Figure 4.12. The efficiency of the power oscillator is maximized at 32.8 % when the 

oscillation amplitude is 0.48 V. The loop gain, a product of the transistor’s 

conductance and its load, and the PMOS transistor width are plotted in Figure 4.13. 

At this particular amplitude, the loop gain is 1.8 and ensures that the power oscillator 

will build up oscillations. The transistor parasitic capacitance is calculated from the 

transistor width. It is combined with other capacitances in (4.10) to ensure that the 

desired maximum oscillation frequency of 2.59 GHz is still achievable. The 
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maximum efficiency power oscillator can be realized as these two conditions are 

met. 

 

Figure 4.13. Loop gain and PMOS transistor width vs. oscillation amplitude. 

C. Optimum supply voltage 

Previously, the maximum power oscillator efficiency was evaluated based on a 

supply of 0.65 V. However, as pointed out by the mathematical efficiency analysis 

depicted in Figure 4.5, the maximum efficiency increases when the supply voltage 

decreases. The design procedure described previously is applied to other power 

oscillator designs with the same specifications but different supply voltages. Figure 

4.14 shows the power oscillator efficiency as supply voltage is varied from 0.45 to 

0.7 V with a 0.05 V increment. Two additional curves are shown in this figure. One 
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represents an oscillator loop gain of 1.7 and the other represents the maximum 

oscillation frequency of 2.59 GHz. The intersection of these two curves defines the 

shaded region in which the power oscillator can be designed to meet both the 

requirements. The top of this region, point A in Figure 4.14, indicates the maximum 

power oscillator efficiency that can be achieved for an optimum supply voltage. In 

this case, the maximum efficiency is increased to 38.5 % with an optimum supply 

voltage of approximately 0.55 V. 

 

Figure 4.14. Optimum supply voltage for maximum power oscillator efficiency. 

4.5 High-Efficiency Transmitter Circuit Design 

This section describes the implementation of the power oscillator transmitter 

with a 0.65 V supply. The prototype transmitter employs the power oscillator design 
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with a sub-optimal supply voltage in order for the power oscillator supply voltage to 

be compatible with the rest of the transmitter circuitry. Since this supply voltage is 

the same as that of the intended receiver in [14], both can be integrated as a single-

supply transceiver. 

A. Power oscillator 

Figure 4.15 shows the schematic of the prototype power oscillator transmitter. It 

is designed as a single-ended transmitter to directly drive a single-ended antenna. 

The PMOS transistor width in Figure 4.13 is calculated based on all loads of the 

power oscillator and thus is the total width of both M1 and M2 transistors. The width 

of each PMOS transistor depends on its load. Since the antenna is connected to only 

one side of the power oscillator, the two PMOS transistors see different loads. On the 

Fosc- side, the load is due to the losses in the inductor and varactor. On the Fosc+ side, 

the load is due to the same losses plus losses in the impedance transformer and the 

antenna radiated power. As a result, the total transistor width is divided into each 

transistor width according to the load ratio between Fosc+ and Fosc- sides. 

The impedance transformation ratio at this particular oscillation amplitude can 

then be found through the radiated power and the antenna resistance as: 
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(4.13)

The calculated design parameters are summarized in Table 4.1. 
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Figure 4.15. Schematic of the prototype power oscillator transmitter. 

The implemented transistor width is increased to provide a safety margin. This 

ensures that the transistor’s conductance is high enough to start up the power 

oscillator even at the corners of process variation. The ratio between the two 

transistor widths is rounded up into a simple fractional number for accurate layout 

matching. A similar rounding up is applied to the impedance transformation ratio. 

The implemented design parameters are given in Table 4.1 for comparison. 

Table 4.1. Power oscillator transistor width and impedance transformation ratio. 

Design parameters M1 width M2 width N2 

Calculation 14.7 m 71.4 m 2.562 

Implementation 16.0 m 80.0 m 2.502 

 

An additional capacitor, C0, must be added in the single-ended power oscillator 

transmitter. It is attached to the oscillation node on the Fosc- side which does not 

connect to the antenna. This capacitor equalizes the capacitance attached on the other 

side which primarily is the impedance transformer capacitance. Any capacitance 
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mismatch between these two sides will cause the oscillation amplitude to be 

attenuated and thus lower the power oscillator efficiency. 

The prototype transmitter supports two digital modulation schemes—on-off 

keying (OOK) and frequency shift keying (FSK). The OOK modulation is achieved 

with the M0 transistor at the top of the power oscillator. It acts as an on-off switch for 

the OOK modulation. Moreover, by dividing the M0 transistor into multiple small 

transistors and controlling only a portion of them, the M0 transistor effectively 

behaves as a variable resistor. This partial control decreases the effective supply 

voltage and lowers the radiated power of the power oscillator with a small efficiency 

degradation. The ability to reduce the radiated power helps reduce the energy 

consumption when the transmitter communicates at shorter distances than the 

maximum possible. FSK modulation is accomplished by altering the oscillation 

frequency through the varactor capacitances. 

B. Low-voltage frequency divider 

To tune the oscillation frequency, the oscillator output must be compared to a 

reference signal. Since the reference frequency is usually low, a frequency divider is 

used to lower the oscillator frequency so that the comparison can be made. A flip-

flop-based frequency divider is employed here to minimize the power consumption. 

The frequency divider in Figure 4.16(a), consisting of a series of divide-by-2 circuits, 

is the most popular divider structure. However, the output of the first flip-flop can 

not toggle beyond a GHz with a 0.65 V supply. To overcome this problem, the two 
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divide-by-2s are combined together as shown in Figure 4.16(b). The input of the two 

flip-flops is driven by the oscillator output and the output of both flip-flops toggles at 

a fourth of the oscillation frequency. These two outputs are separated by one period 

of the oscillation frequency. This creates a divide-by-4 circuit that avoids the flip-

flop output toggling at half of the oscillation frequency. 

 

Figure 4.16. Flip-flop-based frequency divider and their timing diagrams. (a) A 
series of divide-by-2. (b) Divide-by-4. 

Figure 4.17(a) shows the flip-flop implementation using the extended-true-

single-phase-clocking (E-TSPC) technique [53]. The TSPC technique originally 

consists of three transistors per branch. The E-TSPC technique eliminates one 

transistor to increase the speed. The penalty of the transistor elimination is the 

momentary short-circuit current. Thus, the frequency divider power consumption is 

increased. However, with a supply voltage as low as 0.65 V, the incremental power 

consumption is minimal. To further extend the speed, the bulk terminal of the 

transistors in these flip-flops is forward biased to reduce the transistor’s threshold 

voltage. To interface between the power oscillator and the frequency divider, the 
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level shifter depicted in Figure 4.17(b) is utilized. Its input is connected to the 

oscillation node on the Fosc- side of the power oscillator and the oscillation DC 

voltage is shifted to half of the supply voltage at the input of the divide-by-4 circuit. 

 

Figure 4.17. Schematics of (a) E-TSPC flip-flop, and (b) its level shifter. 

C. Frequency controller 

Figure 4.18 displays the frequency controller block diagram [7]. The divided 

oscillation frequency is an input to the frequency counter. Two numbers of the 

counter are latched separated by one period of the reference signal (Fref). The 

difference between these two numbers indicates the oscillation frequency relative to 

the reference frequency. This is then compared with the desired number (Nosc). After 

that, the varactor controller reads the comparator output and adjusts the oscillation 

frequency. Finally, two values of the varactor control number which correspond to 

two oscillation frequencies are kept for BFSK modulation. The frequency counter is 

realized by TSPC flip-flops connected as a ripple counter. The rest of the frequency 

controller is synthesized through logic-gate standard cells. 
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Figure 4.18. Block diagram of the frequency controller. 

4.6 Measurement Results 

The prototype power oscillator transmitter was fabricated in a 0.18-m CMOS 

process. Figure 4.19 shows the die photograph of the transmitter which occupies a 

small area of 0.89 x 0.64 mm2. Table 4.2 compares the power oscillator efficiency 

from calculation, simulation, and measurement. The calculated, simulated, and 

measured efficiencies are 33 %, 30 %, and 27 %, respectively. The simulated 

efficiency is lower than the calculated efficiency due to two factors. First, the 

implemented design parameters were modified from the calculation. Second, 

parasitic losses due to interconnections between the power oscillator components 

were not accounted for in the calculation. The measured efficiency is also lower than 

the simulated efficiency because of the parasitic losses of the chip package and PCB 

routing which directly reduce the radiated power. 
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Figure 4.19. Die photograph of the transmitter. 

Table 4.2. Comparison of power oscillator efficiency from calculation, simulation, 
and measurement. 

Power oscillator Calculation Simulation Measurement 

Oscillation amplitude 0.48 V 0.45 V - 

Radiated power -4.4 dBm -4.7 dBm -5.2 dBm 

Efficiency 33 % 30 % 27 % 

 

To verify that the power oscillator design has the maximum efficiency, ideally 

the transistor’s width should be varied. Since the transistor width is a physical 

dimension and cannot be changed, the supply voltage is varied instead. Figure 4.20 

shows the power oscillator efficiency and the output power as the supply voltage 
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changes from 0.55 to 0.75 V. The higher supply voltage always results in a higher 

radiated power. However, the power oscillator efficiency decreases as the supply 

voltage deviates from 0.65 V because the power oscillator is not optimized for the 

other supply voltages. 

 

Figure 4.20. Measured power oscillator efficiency and radiated power vs. supply 
voltage. 

Figure 4.21 depicts the power oscillator efficiency as the radiated power is 

lowered by partial control of the M0 transistor. The efficiency decreases from 27 % at 

a radiated power of -5.2 dBm to 18 % at -9.7 dBm. Although the efficiency drops at 

a lower radiated power, the power consumption also decreases. As a result, the 

transmitter power consumption can be minimized when the actual communication 

distance is shorter than its maximum by lowering the radiated power. 
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Figure 4.21. Measured power oscillator efficiency and power consumption vs. 
radiated power. 

The oscillation frequency and frequency resolution are plotted in Figure 4.22. 

The oscillation frequency can be varied from 2.23 to 2.52 GHz which gives a tuning 

range of approximately 300 MHz. This tuning range is about the same as in the 

design specification but is shifted down by almost 100 MHz. Nevertheless, the 

frequency shift is within the tolerance margin and the oscillation frequency is able to 

cover the entire spectrum of the 2.45-GHz ISM band. Two small frequency overlaps 

exist because the two MSB varactors are slightly trimmed down to prevent the 

possibility of frequency skipping. The minimum frequency resolution is about 1.1 

MHz with the binary-weighted varactors. The measured phase noise of the 

transmitter output is -117 dBc/Hz at a 1-MHz frequency offset. 
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Figure 4.22. Measured oscillation frequency and frequency resolution vs. varactor 
control number. 

Figure 4.23 shows the transient response of the transmitter output when it is 

turned on and off. The transmitter starts fully oscillating and falls completely idle 

within 30 and 140 ns, respectively. By assuming that this on-off transition period is 

10 % of the OOK bit period, the transmitter is capable of modulating OOK data up to 

1.2 Mbps. The frequency divider and the frequency controller combined together 

have a power consumption of only 0.18 mW. However, the efficiency of the whole 

transmitter reduces to 23 %. Table 4.3 summarizes the measured results for the 

prototype power oscillator transmitter. 
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Figure 4.23. Measured output transient with on-off control. 

Table 4.3. Performance summary of the prototype power oscillator transmitter. 

Technology 0.18-m CMOS 

Supply voltage 0.65 V 

Die size 0.57 mm2 

Power consumption 

 Power oscillator 

 Frequency divider & controller 

 

1.15 mW 

0.18 mW 

Radiated power -5.2 dBm 

Efficiency 

 Power oscillator 

 Transmitter 

 

27 % 

23 % 

On-off time 30/140 ns 
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Figure 4.24. Performance comparison of recently published WSN transmitters. 

Efficiency and power consumption are generally the two most commonly 

reported parameters for performance comparison of many circuits. Figure 4.24 plots 

the transmitter efficiency as a function of the power consumption of the prototype 

WSN transmitter and recently published WSN transmitters for a performance 

comparison. The prototype transmitter has higher efficiency than [7] for 

approximately the same power consumption and has the lowest power consumption 

compared with other transmitters. A group of WSN transmitters that consume a 

power less than 2 mW, including this prototype transmitter, is designated by the 

ellipse. This group of low-power transmitters have a relatively high efficiency of 

19 % or higher. 
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Table 4.4. Key specifications of high-efficiency low-power WSN transmitters. 

 [36] [54] [7] [8] This 
work 

Technology (m) 0.13 0.18 0.25 0.13 0.18 

Supply voltage (V) 1 0.9 0.81 0.4 0.65 

Frequency (GHz) 1.9 0.915 0.915 2.45 2.45 

Modulation OOK BFSK BFSK BFSK BFSK 

Power consumption (mW) 1.64 1.94 1.29 1.002 1.34 

Radiated power (mW) 0.38 0.51 0.25 0.30 0.31 

Efficiency (%) 23 26 19 302 23 
1With multiple supply voltages (the power amplifier supply voltage is shown). 
2Without frequency controller. 

 

The key specifications of these high-efficiency low-power transmitters are 

tabulated in Table 4.4. Table 4.4 also includes the transmitter in [8] which does not 

implement the frequency controller circuit. A common feature shared among these 

transmitters is a low supply voltage. This is a critical factor for high efficiency 

transmitter design particularly for the ultra-low-power WSN transmitters. For 

example, the supply voltages of three lowest power consuming transmitters are 0.8 

[7], 0.65 (this work), and 0.4 V [8] which correspond to 0.25, 0.18, and 0.13 m 

technologies, respectively. To achieve the maximum transmitter efficiency, the 

supply voltage relative to the threshold voltage should be considered as a design 

parameter. Then, the transmitter efficiency should be evaluated as a function of the 

supply voltage as demonstrated by this power oscillator transmitter. 



 

 

86 

The prototype power oscillator transmitter has a fairly high efficiency. It can 

potentially be employed as a battery-free WSN transmitter by completely supplying 

the transmitter through an energy harvester. However, the power oscillator efficiency 

can be further improved by selecting a supply voltage closer to the optimum supply 

voltage. The optimum supply voltage most likely will be incompatible with the 

supply voltage of the other circuits. To account for the supply voltage difference, 

supply management techniques such as current-reused stacking [7] or supply 

management circuits such as a high-efficiency buck converter [55] must be 

incorporated. A tradeoff between the increased efficiency and the extra power 

consumption of the supply management circuitry for the best overall transmitter 

efficiency must be made. 

4.7 Summary 

An ultra-low-energy transmitter for wireless sensor networks has been presented. 

The transmitter based on the power oscillator architecture combines together both the 

oscillator and the power amplifier for efficient power utilization. The power 

oscillator is modeled and its efficiency is analyzed mathematically. Following the 

analysis, a design procedure for maximum power oscillator efficiency is developed. 

By using the supply voltage as a design parameter, the optimum supply voltage is 

determined through this design procedure. 

The prototype transmitter was fabricated in a 0.18-m CMOS technology. It 

operates in the 2.45-GHz ISM band and supports both OOK and FSK modulation 
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schemes. Operating on a single supply of 0.65 V, the transmitter dissipates a power 

of 1.34 mW while radiating a power of -5.2 dBm. This corresponds to a relatively 

high efficiency of 23 %. 
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5. CONCLUSION 

5.1 Conclusion 

A wireless sensor network (WSN) consists of a central processing hub and a 

series of sensor nodes distributed over an area of interest. WSN sensor nodes serve 

as input terminals, collecting raw data from their physical surroundings. They also 

act as repeaters, relaying data from one node to the next until it reaches the central 

processing hub. With this peer-to-peer communication scheme, data can be 

transmitted over large distances, making a WSN’s area of interest highly scalable. 

Thus, WSNs are ideal for a variety of applications because they can process different 

types of information and accommodate different parameters of scale. As a result, the 

demand for WSNs will continue to increase as we move further into the future. 

However, few applications currently employ WSNs, as their individual sensor 

nodes are generally too large, too heavy, and too short-lived to be of use. Designing 

smaller, lighter, and longer-lasting sensor nodes is therefore an essential step in 

making WSNs more practical and ubiquitous. In order to reduce the size and increase 

the lifespan of sensor nodes, their batteries must be eliminated. The key to 

eliminating a sensor node’s battery is minimizing its energy consumption, since 

high-efficiency sensor nodes can run solely on the power from their energy 

harvesters. Although several sensor node components require power, sensor node 

transceivers consume especially high amounts of energy, as they are responsible for 

the transmission and reception of WSN data. Thus, decreasing the energy 
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consumption of a sensor node’s transceiver is crucial to improving its overall 

efficiency. 

Each sensor node transceiver consists of two parts: a transmitter and a receiver. 

This dissertation focuses on reducing the energy consumption of WSN transmitters. 

Many parameters impact transmitter energy consumption, including the number of 

bits, bit rate, radiated power, start-up time, and transmitter efficiency. Most of these 

parameters are defined by WSN systems. On the circuit level, the start-up time and 

the transmitter efficiency are two available parameters for decreasing energy 

consumption. Minimizing the start-up time limits the energy wasted during a 

transmitter start-up period. It is especially important to minimize the start-up time of 

WSN transmitters, as the energy spent during the transmit period is comparatively 

low. In addition, the transmitter efficiency of WSN sensor nodes must be maximized, 

since higher transmitter efficiency directly corresponds to lower power consumption 

for the same radiated power. This dissertation presents two WSN transmitters that 

have been designed to minimize the start-up time and maximize the transmitter 

efficiency. 

A fast frequency calibration system is employed in the first transmitter to reduce 

the frequency calibration time, which is the longest period of the start-up time. Fast 

frequency calibration is accomplished by using a frequency divider with a reset. The 

reset ability enables the oscillation frequency to be compared within two cycles of 

the reference frequency. In addition, the frequency divider is implemented with low-

power techniques to further minimize the transmitter’s energy consumption. This 
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prototype transmitter operates in the 915-MHz ISM band and is fabricated in a 0.18-

m CMOS process. With a reference frequency of 0.5 MHz, the frequency 

calibration time of the prototype transmitter is as low as 72 s for two calibrated 

frequencies of BFSK modulation. The transmitter outputs -2.9 dBm of radiated 

power while dissipating 1.91 mW of consumed power and has an efficiency of 27 %. 

The second transmitter is designed to maximize the transmitter efficiency at low 

radiated power levels. The transmitter architecture is based on the power oscillator, 

which combines an oscillator and a power amplifier in order to minimize transmitter 

power loss. This dissertation provides a detailed mathematical analysis of the power 

oscillator efficiency. Then, this efficiency analysis is used to develop a design 

procedure to maximize the transmitter efficiency for a particular supply voltage. The 

design procedure is further applied to demonstrate an optimum supply voltage that 

yields the maximum achievable efficiency. The prototype transmitter is fabricated in 

a 0.18-m CMOS process and operates on a single supply of 0.65 V. It 

communicates in the 2.45-GHz ISM band and achieves a transmitter efficiency of 

23 % while radiating a power of -5.2 dBm. 

5.2 Future Work 

An ultra-low-energy WSN transmitter is developed in this dissertation. Ultra-

low-energy WSN transceivers can be implemented by combining this transmitter and 

the receiver in [14]. This transceiver is capable of communicating with a link energy 

as low as 0.95 nJ/b [56]. At this level of energy consumption, the transceiver could 
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sustain itself on a variety of energy harvesters. Therefore, the idea of battery-free 

WSNs becomes more feasible with this ultra-low-energy WSN transceiver, paving 

the way for the future of the information age. 

Future work includes an investigation of the fundamental limitations for other 

transmitter architectures. The efficiency for the power oscillator transmitter can be 

improved by designing the transmitter for an optimum supply voltage. However, this 

approach requires further research in an efficient power management circuit to 

generate the desired supply voltage. This power management circuit can be 

ultimately expanded to efficiently interface all circuits in a sensor node to an energy 

harvester. 
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