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Abstract 
Along with rapid development of sensing and communication technology, Internet of 

Things (IoTs) has enabled a tremendous number of applications in health care, agriculture, 
and industry. As the fundamental element, the wireless sensing node, such as radio tags need 
to be operating under micro power level (e.g, 100 µW, Pico radio) for energy autonomy. The 
evolution of electronics towards highly energy-efficient systems requires joint efforts in 
developing innovative architectures and circuit techniques. In this dissertation, we explore 
ultra-low power circuits and systems for micropower wireless sensing in the context of IoTs, 
with a special focus on radio interfaces and sensor interfaces. 

The system architecture of ultra-high frequency/ultra-wideband (UHF/UWB) asymmetric 
radio is introduced. Taking full benefits of the UWB, the active UWB radio is employed for 
the tag-to-reader communication while the conventional UHF radio is used to power up and 
inventory the tag. On the tag side, an ultra-low power, high pulse swing, and power scalable 
UWB transmitter is studied in 180 nm complementary metal-oxide-silicon (CMOS). The 
baseband-like architecture promises a mostly digital architecture and an inherent filter, 
enabling package co-design. The measured pulse swing is 1.27 V and the radiated energy is 
1.47 pJ, corresponding to 8.2% energy efficiency. In order to pair the tags for demonstrating 
of the system concept, an asymmetric UHF/UWB reader is designed in 90 nm CMOS. The 
UHF transmitter delivers 160 kb/s amplitude shift keying (ASK) modulated data by an 
integrated modulator and a digital controlled oscillator (DCO). The UWB receiver supports 
on off key (OOK) and pulse-position modulation (PPM) with data rate up to 33 Mb/s. The 
front-end of UWB receiver exhibits a noise figure of 8.5 dB with 0.5 nJ/bits energy con-
sumption. Measurement results show that the receiver achieves an input sensitivity of -79 
dBm with 10-3 BER at 10 Mb/s data rate.  

In order to eliminate power-hungry frequency synthesis circuitry and facilitate the syn-
chronization, an energy-efficient UWB transmitter with wireless clock harvesting in 180 nm 
CMOS is presented. The transmitter is powered by 900 MHz UHF signals radiated by a 
reader wirelessly and responds UWB pulses by locking-gating-amplifying the sub-harmonic 
of the UHF signal. Thanks to the fast setup time (< 50 ns at -15 dBm input power), the 
proposed transmitter is fully power scalable with 35 pJ/pulse energy consumption. When 
-15 dBm UHF carrier signal power is injected, 21% locking range can be achieved to pre-
vent PVT variations. To comply with the federal communications commission (FCC) 
regulation, the maximum pulse rate is up to 5 MHz with 0.75 V peak to peak pulse ampli-
tude. 

Finally, radio-sensing interface co-design is explored. Taking the advantage of RC 
time-constant-based readout circuit and ultra-low power UWB pulse generator, the sensing 
information is directly extracted and transmitted in the time domain, exploiting high 
time-domain resolution UWB pulses. This approach eliminates the need of analog-to-digital 
converters (ADC) and baseband blocks of the sensor interface, meanwhile, it reduces the 
number of bits to be transmitted for energy saving. The interface measures the discharging 
time of the RC time constant proportional to the sensor variation. The UWB pulses are 
triggered with intervals of RC discharging time, without any digitizing or modulations. A 
resistance measurement results show that the proposed system exhibits 7.7 bits effective 
number of resolution bits (ENOB) with an average relative error of 0.42% in the range of 
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200-1500 Ω. The overall system energy consumption (conversion-and-transmission) per 
sample is 0.58 nJ. 
 

Keywords: Ultra-wideband, asymmetric UHF/UWB radio, clock harvesting, time-domain 
sensing, energy efficiency, Internet-of-things. 
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Sammanfattning 
Den snabba utvecklingen inom sensorer och kommunikationsteknik, har let fram till nya 

avanserade lösningar inom Internet of things (IoT) vilket möjliggjort ett stort antal nya 
avanserade tillämpningar inom hälso- och sjukvård, jordbruk och framför allt inom indu-
strisektorn. Kärnan i de trådlösa sensorerna, såsom radiotaggar måste användas på mikro-
effektnivå (t.ex. 100 µW, Pico radio) för att nå energi autonomi. Utvecklingen av elektronik 
mot energieffektiva system kräver gemensamma ansträngningar för att utveckla denna 
innovativa arkitekturer och kretsteknik. I denna avhandling diskuteras 
ultra-låg-effekts-kretsar för Internet-of-things med speciell fokus på radio- och sensor-
gränssnitt.  

Systemarkitekturen inom UHF/UWB asymmetrisk radio införs för radiogränssnittet. 
Genom att dra full nytta av UWB-radion möjliggörs ”tag-to-reader” kommunikation medan 
konventionell UHF radio används till att starta upp och kontakta en tag. På tag-sidan, är en 
extremt låg strömförbrukning, hög pulsswing och stömförsörjning skalbar i den 
UWB-sändare som studerats i 180 nm CMOS teknologi. Den basbandsliknande arkitekturen 
medger en till mestadels digital arkitektur och en inneboende filterstruktur, vilket möjliggör 
en paketerad co-design. Uppmätt puls swing är 1.27 V och strålningsenergin är 1.47 pJ, 
vilket motsvarar 8.2% energieffektivitet. För att koppla ihop taggarna och demonstrera 
systemkonceptet har en asymmetrisk UHF/UWB läsare utformats på 90 nm CMOS. 
UHF-sändaren ger 160 kb/s ASK modulerad data genom en integrerad modulator och DCO. 
UWB mottagaren stöder OOK och PPM med en datahastighet på upp till 33 Mb/s. Den 
främre delen av UWB mottagaren uppvisar en brussiffra på 8.5 dB med 0.5 nJ/bit energi-
förbrukning. Mätresultat visar att mottagaren uppnår en ingångskänslighet av -79 dBm med 
10-3 BER vid 10 Mb/s datahastighet. 

För att eliminera energislukande frekvenssynteskretsar och underlätta synkronisering, har 
en energieffektiv UWB-sändare med en utifrån och trådlöst extraherad klocka konstruerats i 
180 nm CMOS teknologi. Sändaren drivs via 900 MHz UHF-signaler och svarar via UWB 
pulser genom användande av lockin-gate-amplifying sub-harmonics UHF-signalen. Tack 
vare den snabba installationstiden (<50 ns vid -15 dBm ineffekt), är den föreslagna sändaren 
helt energiskalbar med 35 pJ/puls energiförbrukning. När en UHF-bärvågssignalen på -15 
dBm injiceras kan ett 21% låsningintervall uppnås för att förhindra PVT-variationer. För att 
uppfylla FCC standarder är den maximala pulsen maximerad till 5 MHz med 0,75 V topp till 
topp pulsamplitud. 

Slutligen, har ett radio-sensing gränssnitt via co-design utforskats. Sensorinformationen 
extraheras direkt och överförs i tidsdomänen vilket drar fördel av den höga tidsdomän-
upplösningen av UWB pulser. Detta tillvägagångssätt eliminerar behovet av ADC och 
baseblock-sensorgränssnitt. Samtidigt minskar antalet bitar som skall sändas för att spara 
energi. Gränssnittet som mäter urladdningstiden av RC-kretsen är proportionell mot sensor 
parametrar. Den totala energiförbrukningen (datakonvertering och sändning) är 0.58 nJ per 
mätning. 
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CHAPTER 1 

INTRODUCTION  

1.1 Background 
1.1.1 The Internet of Things 

 
Figure 1.1: The vision of the Internet of Things [6] 

In recent years, the worldwide spreading of Internet, in combination with the develop-
ment of Wireless Sensor Network (WSN) and Radio Frequency Identification (RFID) 
technology, has enabled the Internet of Things (IoT) [1]. The core idea of the IoT is to have 
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worldwide-interconnected objects that small and smart electronics can integrate. These 
smart objects can be “smart dust” [2] with “ubiquitous sensing” [3] and “ambient intelli-
gence” [4] abilities, which can help us access an enormous amount of data from the physical 
world. With this technology, the information can be shared seamlessly across different 
platforms, transforming the Internet into a fully integrated future Internet. 

Many exciting applications can be enabled by the IoT, covering from healthcare, trans-
portation, agriculture, even the entire society: the patients can monitor their health anytime 
anywhere while the related medical data can be shared to the doctor simultaneously for 
appropriate health recommendations; the drivers can avoid traffic jam automatically and can 
always have an optimal navigation to the destination; the farmers are no longer worried 
about the plants since the use of water and fertilizer will be measured and monitored on a 
plant-by-plant basis; the citizens can have an easy access to the public welfare, education, 
and medical service while the whole city can be driven in a sustainable way. Related in-
novations are and will leverage huge numbers of emerging applications and service to make 
our lives easier and our surroundings more secure and pleasant [5]. 

1.1.2 Wireless Microdevice in IoT 
Generally, the structure of the IoT can be divided into a five-layered architecture as con-

ventional Internet, covering from physical layer to the application layer [7, 8]. The functions 
and system implementations of each layer would be varied in different scenarios and ap-
plications. However, as the fundamental element in the physical layer, the essential func-
tions of the wireless microdevice, sensing and communication, are unchanged. From the 
“things” perspective, the microdevice with sensing functions can track the status of the 
things, e.g., temperature, locations, etc. It provides the ability to aware the surrounding 
environments and, thus, acts as a bridge between physical and electronic world. From the 
“internet” perspective, the sensing information has to be shared and transmitted in the 
different network until to the “internet”, allowing the connection between Internet world and 
electronic world. As a result, the microdevices, such as radio tags with sensing and com-
munication capability play a very important role. They have to be low cost, small size, easily 
heterogeneous integrated and strictly constrained by energy, to facilitate various IoT ap-
plications [9, 10].    

On the other hand, the development energy source can hardly meet the energy require-
ment of the wireless microdevices. As the microelectronic devices are continuously min-
iaturized by CMOS technology scaling and advanced packaging, conventional energy 
sources, e.g., batteries become bulky and costly where battery replacement is a challenge. 
Most of the batteries contain cadmium, lead, copper, zinc, manganese, or lithium, which are 
all hazardous to the environment and human health. Recently, some research on energy 
harvesting were presented, where the potential energy source is harvested from 
photovoltaic, thermal, vibration or RF. Energy harvesting solutions exceed the lifetime of 
the microdevices and make them adapt easily to different environments. Table 1.1 illustrates 
the power density comparison of different power scavenging method and energy source. 
Apparently, the energy produced from the ambient source is still very limited compared to 
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the conventional energy source solution. As a result, new methods and technologies of 
designing circuits and system are required to bridge the gap between the energy supply and 
energy need of wireless microdevices. 

Table 1.1: POWER DENSITY COMPARISON OF DIFFERENT POWER SCAVENGING METHOD AND ENERGY 
SOURCE. [11] 

 Power density 
one year lifetime (µW/cm3) 

Power density 
10 year lifetime (µW/cm3) 

Solar (outdoors) 150—Cloudy day 150—Cloudy day 
Solar (indoors) 6—Office desk 6—Office desk 

Vibrations 50 50 
Shoe inserts 330 330 

Hydrocarbon fuel  
(micro heat engine) 333 33 

 

 
Figure 1.2: Wireless microdevice in the IoT Scenarios 

1.2 Motivation and Challenges 
The scope of IoT is in the increased value of information created by the number of in-

terconnections among things and the transformation of the processed information [1]. The 
passive RFID may be seen as a candidate technology for IoT due to its low cost and low 
power. However, as a stand-alone application (e.g., identification), RFID system lacks the 
ability to obtain (sensing and positioning) and exchange (communicating) information and 
thus limits its advantages in the IoT applications. In order to drive the RFIDs towards the 
IoT, special design focus is needed on the energy-efficient sensing interface and radio 
interface of the wireless microsystems. Thanks to the improvement of low-power circuit 
techniques, some designs integrate sensors (e.g., temperature sensor) and analog-to-digital 
converters (ADC) on passive RFID tags, realizing the sensing RFIDs [12, 13]. Nevertheless, 
there still are some design challenges of the existing technologies to be addressed:   

• Radio interface:  
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The radio interface can be categorized as passive or active radios, which most of them 
in the existing work are narrowband radios. Passive radios, such as passive RFIDs using 
backscattering modulation provides excellent lower power performance. However, due 
to the narrowband signal (e.g., ultra-high-frequency (UHF) radio), it has the shortage on 
the operation range and data rate, is sensitive to narrowband interference and multiuser, 
and is insufficient to precise positioning [14, 15]. On the other hand, active radios, such 
as Bluetooth and ZigBee, provide desirable performance. Yet, they expend a substantial 
fraction of the energy, which cannot meet the restricted power budget (e.g., 100 
μW/cm3 for RF harvesting) [16, 17].  

Energy-efficient transmitter design is one of the major challenges of using active radio 
in energy-autonomous wireless sensing applications. Especially when the communica-
tion distance is short, the power hungry clock generation block (e.g., timing circuits and 
local oscillators) tend to dominate the overall transmitter power consumption. This is 
different from transmitters of a cellular system where the power amplifier (PA) domi-
nates the transmitter power [18]. Moreover, for duty-cycled transmitter system where 
the data is transmitted in a burst manner, the large setup overhead owing to the local 
oscillator (LO) generator will further degrade the energy efficiency, making the nar-
rowband active radio difficult to be deployed. 

• Sensor interface: 

The primary task of the wireless sensor system is to interface the physical world and 
electronic cyber world, where the sensing information (e.g., physical variation in 
sensing resistance or capacitance) is converted among physical, analog and digital 
domains. The traditional architecture introduces building blocks like ADC and base-
band processor for signal conversion, resulting in additional burdens on circuit com-
plexity and power consumption [19]. When complementary metal-oxide-silicon 
(CMOS) technology scaling down, these voltage-based analog circuits are becoming 
more noise-sensitive due to the decreased supply voltage and reduced voltage swing 
[20]. Recently, some works adopt time-to-digital converter (TDC) based interface to 
eliminate the voltage-based sensing [21, 22]. The sensing information is extracted into 
period or frequency followed by baseband processing and wireless transmission. 
However, the transmitter block still has to work on the analog domain (RF domain) 
where certain data modulation schemes (e.g., on-off-key (OOK), phase-shift-key 
(PSK)) are performed. The power-hungry transmitter dominates the power budget, 
which is not acceptable for energy-autonomous applications. 

1.3 Thesis scope 
In this dissertation, we explore ultra-low power circuits and systems for micropower 

wireless sensing in the context of energy-autonomous IoTs, with a special focus on radio 
interface and sensor interface. In particular, three key technologies will be introduced as 
follow: 
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• Wireless clock-harvesting:  

Wireless clock harvesting is energy-efficient LO generation technique for 
RF-powered wireless sensing application. Unlike the traditional LO generators (e.g., 
phase-locked loop (PLL), micro-electro-mechanical (MEMS) based oscillator and re-
laxation oscillator) generate the clock locally, the wireless clock harvester extracts the 
clock from the RF carrier. In other words, the RF carrier (e.g., UHF narrowband carrier) 
is not only used as an energy provider, but also as the clock source. It is a balanced 
choice for the stringent requirement in terms of power and the frequency accuracy. 
Figure 1.3 illustrates the system concept of wireless clock harvesting system. The re-
ceived RF carrier is not directly amplified since an extra power-hungry RF gain stage 
will be added. Alternatively, as an external reference, the received RF carrier is intro-
duced into an injection-locked oscillator (ILO). Frequency uncertainty due to the pro-
cess, supply voltage, and temperature (PVT) variations can be effectively suppressed by 
locking to the wireless reference while maintaining low power consumption. With this 
approach, conventional reference, such as bulky crystal is eliminated so that the system 
integration cost can be reduced. 

 
Figure 1.3: System concept of wireless clock harvesting system. 

• Time-domain sensing:  

The traditional wireless sensing system is the voltage-based system. It usually con-
sists of an analog sensing interface, ADC, baseband block in combination with a nar-
rowband transmitter. In order to improve the energy efficiency and decrease the 
hardware complexity of the energy-autonomous system, a time-domain sensing to-
pology is proposed. The time-domain sensing is not just use TDC to replace the volt-
age-based sensor interface and leave the rest building block as traditional approach. By 
contrast, in the proposed time-domain system, the sensing information is always pro-
cessed in the time domain. Figure 1.4 illustrates the simplified block diagram of the 
time-domain sensing system. The sensing information is directly extracted and trans-
mitted in the time domain, exploiting high time-domain resolution Ultra-Wideband 
(UWB) pulses. This approach eliminates the need of ADC and baseband blocks of 
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sensor tags, meanwhile, it reduces the number of bits to be transmitted for energy 
saving. Moreover, it will suffer less from the decreased voltage headroom in 
sub-micron CMOS owing to its time domain property. 

 
Figure 1.4: Block diagrams of different wireless sensor systems. (a). conventional analog-to-digital 
based system. (b). time-to-digital based system. (c). proposed time-domain signal based system. 
Adapted from Paper VIII [178]. 

• UHF/UWB hybrid radio:  

The UHF/UWB hybrid radio has been proposed by our group [24, 53]. Impulse Radio 
Ultra-Wideband (IR-UWB) is introduced for uplink communication from reader to tags 
while conventional UHF is applied to power up and inventory the tags. Such approach 
takes full benefits of the UWB transmission, such as low power consumption of the 
simplified transmitter, accurate ranging and positioning capability. The core idea of the 
UHF/UWB hybrid radio is to introduce aggressive duty cycling, ultra-low power UWB 
transmitter in the tag for energy saving while shifting the complex and power hungry 
UWB receiver to the reader side. The inherit duty-cycled architecture makes UWB ra-
dio suitable for energy-autonomous applications since the power-hungry RF building 
blocks need only to be on during the transmission of short-duration pulses [25]. In order 
to improve the operation distance, increasing the transmitter radiated pulse energy is a 
most straightforward way. It can be achieved by improving the output pulse swing with 
low pulse repetition frequency (PRF) (For high PRF, the pulse spectral is limited by 
Federal Communications Commission (FCC) regulation). Moreover, to further improve 
the energy efficiency, any static power consumption should be avoided in the du-
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ty-cycled system. In other words, the power consumption of the UWB transmitter has to 
be scalable with pulse rate.  

 
Figure 1.5: Comparison of time and frequency domain representation of conventional narrowband 
signals and IR-UWB signals [26]. 

1.4 Thesis Contribution and Organization 
1.4.1 Contributions 

The primary contributions of this thesis, which lead to eight papers, are summarized as 
bellows: 

Radio interface for wireless sensing: UHF/UWB hybrid radio 

[Paper I] J. Mao, D.S. Mendoza, Q. Zhou, J. Chen, P. Wang. Z. Zou, F. Jonsson and L.R. 
Zheng, “A 90nm CMOS UHF/UWB Asymmetric Transceiver for RFID reader,” in IEEE 
Eur. Solid-State Circuits Conference (ESSCIRC), pp. 179 -182, Sep. 2011. 
 
[Paper II] J. Mao, Z. Zou and L. R. Zheng, “A Power Scalable and High Pulse Swing UWB 
Transmitter for Wirelessly-Powered RFID Applications,” in NORCHIP, 2012, pp.1-4, Nov. 
2012. 
 
[Paper III] J. Mao, D.S. Mendoza, Q. Zhou, J. Chen, P. Wang. Z. Zou, F. Jonsson and L.R. 
Zheng “An UHF/UWB RFID Reader Transceiver in 90 nm CMOS,” Manuscript, Journal of 
Industrial Information Integration, Elsevier. 
 
Paper contribution: These three papers present the transceiver circuit implementations for 
hybrid UHF/UWB radio. Paper III focus on the design of high pulse swing and power 
scalable UWB transmitter for the tags. The proposed transmitter uses carrier-less fil-
tered-edge-combiner topology for energy saving. The baseband-like architecture promises a 
mostly digital architecture and an inherent filter, enabling package co-design. Thanks to 
zero DC power baseband pulse generator and driver amplifier, the proposed transmitter can 
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scale the consumed power with the pulse rate. It consumes 18 pJ/pulse under a 1.8 V power 
supply. The pulse swing is 1.63 V, and the radiated energy is 2.34 pJ, corresponding to 13% 
energy efficiency. Paper I and paper II includes the design and implementation of the 
asymmetric UHF/UWB reader transceiver. It contains a UHF transmitter and an energy 
detection (ED) IR-UWB receiver. The UHF transmitter delivers 160 kb/s Ampli-
tude-Shift-Keying (ASK) modulated data by an integrated modulator and a Digital Con-
trolled Oscillator (DCO). The DCO has 11% tuning range ability to cover different UHF 
signal channels. The UWB receiver supports OOK and Pulse Position modulation (PPM) 
with data rate up to 33 Mb/s. The transceiver has been fabricated in 90 nm CMOS tech-
nology. The chip area is 1.72 mm2

 with power consumption of 21.5 mW. In the entire 
receiver signal band from 3-5 GHz, the front-end exhibits a noise figure of 8.5 dB and S11 < 
-9.6 dB is measured. Providing 59 dB voltage gain, the receiver achieves an input sensitivity 
of -79 dBm with 10-3

 BER at 10 Mb/s data rate. 

Author’s contribution: In paper III, the author proposed filtered-edge-combiner UWB 
transmitter architecture, performed the theoretical analysis and simulations, designed the 
circuit blocks, and wrote the manuscript. In paper I and paper II, the author involved in the 
architecture design, conducted the circuit building blocks, designed the evaluation boards, 
performed the chip measurement and wrote the manuscript.  

Radio interface for wireless sensing: wireless clock harvesting 

[Paper IV] J. Mao, Z. Zou and L. R. Zheng, “35 pJ/pulse Injection-Locking Based UWB 
Transmitter for Wirelessly-Powered RFID Tags,” in IEEE Eur. Solid-State Circuits Con-
ference (ESSCIRC), pp.379-382, Sep. 2013. 
 
[Paper V] J. Mao, Z. Zou and L. R. Zheng, “A Subgigahertz UWB Transmitter With 
Wireless Clock-Harvesting for RF-Powered Applications,” in Circuits and Systems II: 
Express Briefs, IEEE Transactions on, vol.61, no.5, pp.314-318, May. 2014. 
 
Paper contribution: The aim of Paper IV and paper V is to explore the wireless clock 
harvesting techniques in ultra-low power wireless sensing system. To prove the concept, a 
sub-GHz UWB transmitter with wireless clock harvesting is presented. Through the wire-
less injection locking, a 450 MHz carrier is extracted by means of the sub-harmonic of a 
UHF signal radiated by a reader. Following sub-harmonic injection-locked ring oscillator 
(ILRO), the carrier is gated and amplified to generate the UWB pulses. This approach avoids 
power-hungry frequency synthesis circuitry and bulky crystal reference while relaxes the 
timing synchronization between the reader and the tag. The prototype is fabricated in a 0.18 
μm CMOS technology. The active chip area is 0.009 mm2 with a 1 V supply. The meas-
urement results show that the sensitivity of the ILRO is -15 dBm under 21% locking range 
without any extra amplifier. Thus, the PVT variation of ILRO can be tolerated. Thanks to 
aggressively duty cycling and the fast setup time (< 50 ns at -15 dBm input power), the 
proposed transmitter is power-scalable with 35 pJ/pulse energy consumption. The peak to 
peak magnitude of the pulse is 0.75 V. To comply with the FCC regulations, the maximum 
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pulse rate is up to 5 MHz. The entire power consumption of the transmitter is 175 μW, which 
is favorable to wirelessly-powered RFID applications.   

Author’s contribution: The author proposed the wireless clock harvesting technique and 
transmitter architecture, performed the theoretical analysis and simulations, and designed 
the circuit blocks. The authors also designed the test board, performed the chip measure-
ments and wrote the manuscript. 

Sensor interface for wireless sensing: ADC based solution vs. time-domain sensing 

[Paper VI] J. Mao, F. Jonsson, and L. R. Zheng, “Mismatch Aware Power and Area Op-
timization of Successive Approximation ADC,” in Proceeding of Electronics, Circuits, and 
Systems (ICECS), 2010, 17th IEEE International Conference on, pp.882-885, Dec. 2010. 
 
[Paper VII] J. Shen, J. Mao, G. Yang, L. Xie, Y. Feng, M. B. Nejad, Z. Zou, H. Tenhunen 
and L.R. Zheng, “A 180 nm-CMOS asymmetric UWB-RFID tag with real-time re-
mote-monitored ECG sensing,” in Proceeding of the International Conference on Bio-
medical Electronics and Devices, pp.210-215, Jan. 2015. 
 
[Paper VIII] J. Mao, Z. Zou and L. R. Zheng, “A UWB-based Sensor-to-Time Transmitter 
for RF-powered Sensing Applications,” accepted for publication in Circuits and Systems II: 
Express Briefs, IEEE Transactions on, 2015. 
 
Paper contribution: These three papers present an energy-efficient design of sensor inter-
face for micro-power wireless sensing. Paper VI and paper VII demonstrate the conven-
tional ADC based solution while paper VIII proposes a fully time-domain sensing solution. 
For conventional ADC based solution, we firstly investigate the trade-off between the 
energy, area and resolution performance of a successive approximation register (SAR) ADC. 
Based on the simulation results, an optimal design can be obtained to minimize power 
dissipations by reducing the size of the unity capacitor area, while avoiding performance 
degradation due to the capacitor mismatch. As a case study, in paper VII, an SAR ADC 
based electrocardiogram (ECG) RFID tag is presented for the system demonstration.  For 
the time-domain sensing, an UWB based sensor-to-time transmitter for RF-powered sensing 
application is presented in paper VIII. Taking the advantage of an RC time-constant-based 
readout circuit and ultra-low power UWB pulse generator, the sensing information is di-
rectly extracted and transmitted in the time domain, exploiting high time-domain resolution 
UWB pulses. This approach eliminates the need of ADC and baseband blocks of the sensor 
interface, meanwhile reduces the number of bits to be transmitted for energy saving. The 
circuit prototype is implemented in 0.18 μm CMOS process. A resistance measurement 
results show that the proposed system exhibits 7.7 bits ENOB with an average relative error 
of 0.42% in the range of 200-1500 Ω. Thanks to the power-scalable and high-swing UWB 
pulse generator, the overall system energy consumption (conversion-and-transmission) per 
sample is 0.58 nJ. 



10 Chapter 1.  Introduction 

 

 

Author’s contribution: In paper VI, the author performed the theoretical analysis, system 
simulations, and wrote the manuscript. In paper VII, the author conducted the circuit 
building blocks, participated in the measurement and co-authored the paper. In paper VIII, 
the author came up the idea of time-domain sensing, performed the theoretical analysis and 
simulations, and design the circuit blocks. The authors also designed the test board, per-
formed the chip measurements and wrote the manuscript. 

Other publications not included but related are in [23, 73, 77, 164-170]. 

1.4.2 Thesis Organization 
Chapter 1 motivates this dissertation and gives a brief introduction of the background. The 
motivations and design challenges are described, as well as the thesis scope. This chapter 
also provides a summary of the included paper contributions and the thesis outline. 

Chapter 2 presents the design and implementation a UHF/UWB hybrid radio interface. On 
the tag side, a high pulse swing, power scalable IR-UWB transmitter is proposed, aiming at 
sufficient communication range and high-energy efficiency. On the reader side, a complete 
asymmetric reader transceiver is implemented to proof the system concept. 

Chapter 3 is devoted to the design issue of the LO generation in radio interface. Different 
LO generation approaches are first introduced. Then, the wireless clock harvesting tech-
niques are then proposed with design consideration and specification trade-off. In the end, as 
a case study, a sub-GHz UWB transmitter with wireless clock harvesting is presented with 
corresponding experimental results. 

Chapter 4 illustrates the different solutions for the sensor interface of the wireless sensing 
system. In particular, an ADC-less solution called time-domain sensing is proposed. The-
oretical analysis is elaborated with the performance derived from the practical parameters. 
For proof-of-concept, a UWB-based sensor-to-time transmitter is presented with detailed 
circuit implementation. The test setup and measurement results are described to compare 
with the state-of-the-arts. 

Chapter 5 summarizes the dissertation and suggests the future work. 
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CHAPTER 2 

UHF/UWB HYBRID RADIO FOR RADIO INTER-
FACE 

In this chapter, we will focus on the implementation of UHF/UWB hybrid radio interface for 
energy-autonomous wireless sensing system. The architecture of UHF/UWB hybrid radio 
system including tag and reader is briefly introduced. It uses conventional UHF signal to 
power up and inventory the tag while the tag responds the reader using an active UWB 
transmitter. On the tag side, a 3-5 GHz, power scalable and high pulse swing UWB trans-
mitter is proposed for ultra-low power RF-powered application. On the reader side, an 
asymmetric UHF/UWB reader transceiver is designed and implemented to pair the tag. The 
experimental results show that the proof-of-concept design of the UHF/UWB hybrid radio 
system is a promising solution for the radio interface in wireless sensing system. 

2.1 Overview of UHF/UWB Hybrid Radio 
2.1.1 Start-of-the-Art of Radio Interface Solutions  

The increasing interest in the energy autonomy wireless sensing system brings extra ef-
fects on the low power radio design. Current commercial solutions, utilizing narrowband 
active radio, exhibit the potential of a high degree of energy autonomy to extend their battery 
lifetime, while maintaining sufficient performance [27, 28]. Several popular radio interface 
solutions are overviewed as below: 

• Bluetooth:  

Bluetooth is a widely used wireless technology for low power, short-range commu-
nication, operating in the industrial, scientific, and medical (ISM) band from 2.4 to 
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2.485 GHz. The recent development of Bluetooth, especially Bluetooth low energy 
(BLE), shows distinctive advantages on low cost (~4 US dollars for NORDIC 
nRF8001 or TI CC2540), low complexity (only one packet format), and low power 
(devices operated with coin cell batteries even up to two years), enabling the IoT 
features [29, 30]. The BLE supports burst mode data transmission (i.e., sending small 
chunks of data) with 1Mbps data throughout. Comparing to the conventional Blue-
tooth, it has an increased space of 2 MHz for 40 channels and employ Gaussian fre-
quency-shift keying (GFSK) modulation with larger index than Basic Rate Bluetooth. 
It means that the BLE can provide longer communication range (~150 meters open 
field) under the same condition. Thanks to the relaxed interference tolerance and ~ms 
level latency, simple hardware architecture can be adopted for the BLE, allowing low 
power implementation and duty cycling operation [31]. 

• ZigBee:  

As a comparative technology, ZigBee is also a promising candidate for short-range 
radios for many applications, such as home security, industrial automation, and remote 
health monitoring. ZigBee based device can operate under different frequency bands, 
such as 868 MHz, 915 MHz, and 2.4 GHz, while supporting fewer channels (< 16 
channels) and lower data rate up to 250 kbps (only 20 kbps at 868 MHz) [32]. The 
typical communication range of ZigBee device can be up to 50 meters with different 
modulation schemes (e.g., binary phase-shift keying (BPSK) or Quadrature Phase 
Shift Keying (QPSK)) [33]. Since the ZigBee has 64 bits MAC address (16 bits for 
networking), it can support up to 65000 devices in the same network simultaneously, 
which is favorable for IoT applications. Moreover, ZigBee support duty-cycling op-
eration with less than 1% to ensure years of battery life [34, 35]. However, comparing 
to BLE, ZigBee is not very energy efficient in terms of the number of bytes transmitted 
per Joule spent [29]. 

Other radio interface includes Peanut developed by Qualcomm [36]. They claim that the 
Peanut only needs fractions of a milliwatt of power to pump data at several megabits per 
second, aiming to challenge the BLE and ZigBee in terms of power consumption. In addi-
tion, some other radio architectures, such as super-regeneration, seem to be promising 
solutions for low power communication. Its main attraction lies in its simplified structure 
with extremely high front-end gain and thus resulting in very low power consumption. The 
poor signal selectivity should be improved by high Q bandpass filtering and a quench signal 
[37, 38].  

As shown above, these commercial radio interface solutions show excellent power con-
sumption (~ mW), good energy efficiency (~ 1 nJ/bit) with moderate data rate (up to ~Mbps) 
[39, 40]. However, due to the current power scavenging techniques, the available operating 
power of radio is limited to an order of 100 μW [41]. The existing solutions may offer 
sufficient communication performance, but still have difficulties to be fully integrated into 
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the energy-autonomous system. On the other hand, the passive radios (e.g., passive RFID, 
near-field communication (NFC)), may stratify the stringent power budget, but have 
shortages on operating range and data rate, which limits their advantages in IoT applications 
[42]. 

 
Figure 2.1: FCC UWB spectral masks corresponding to indoor emissions. 

2.1.2 Ultra-Wideband 
The concept of ultra-wideband radios can be found back from the late 19th century to the 

early 20th century. In the early days, UWB is popular for military radar instead of com-
munications, due to their unregulated emissions that were interfering to narrowband, carri-
er-based radios [43]. In 2002, the United Stated FCC releases a wide band frequency (0- 960 
MHz, 3.1 GHz-10.6 GHz) for unlicensed operation of UWB devices, which attracted a lot of 
attention in the commercial deployment of UWB technology [44]. Figure 2.1 illustrates the 
usable spectrum permitted under part 15 of the regulation rules. The initial application of 
UWB focus on the short-range communication with high data rate since UWB signal has 
inherent wide bandwidth properties that cover server GHz [45, 46]. In addition, thanks to the 
short pulse duration, UWB is regarded as a promising candidate for precision ranging and 
positioning (e.g., sub cm level) [47, 48]. More recently, there is an increasing interest to 
employ UWB radio for low power low data rate wireless sensor network [49, 50]. The short 
pulse duration of UWB signal allows the radio only working in a short time period, offering 
a big potential for the reduction of the power consumption. The advantages of UWB radio 
are summarized as below: 

• Short pulse duration: The employment of pulsed-like UWB enables high precise lo-
calization and robustness to multipath fading and interference. Nanometers level pulse 
duration makes the UWB can easily resolve distances with centimeter accuracy using 



14 Chapter 2.  UHF/UWB Hybrid Radio for Radio Interface 

 

 

simplified signal processing method [51]. Moreover, associated with increased time 
resolution in deep-sub micrometer CMOS processes, UWB radio with short pulse du-
ration can be employed for time-domain signal transmission, facilitating full time-based 
or time mode signal transmission (e.g., Sensor-RF time-domain system). 

• Inherit duty cycling: UWB signal is naturally aggressive duty-cycled when the pulse 
rate is low. From the hardware perspective, the power consumption of RF front-end has 
the possibility to be reduced dramatically by pulse-level duty cycling. It is especially 
useful to the transmitter that typically dominates system power consumption when 
switched on. The pulse-level duty cycling makes the transmitter building block is ena-
bled only when the pulses or burst are transmitted. 

• Ultra-low power transmitter architecture: In the traditional narrowband transmitter, the 
power amplifier is the most critical block that dominates the entire transmitter power. In 
UWB transmitter, especially IR-UWB, the most important block is the pulse generator 
followed by a driver amplifier, due to the output power is limited to 75nW/MHz. In an 
extreme case, the driver amplifier is replaced by CMOS digital buffer for power saving. 
The entire transmitter can be implemented with digital standard cells, taking the 
maximum advantage of CMOS technology scaling [52]. The state-of-the-art shows that 
the energy consumption of UWB transmitter can be achieved at ~10 pJ/pulse, which is 
favorable for energy-autonomous applications. 

 
Figure 2.2: Asymmetric UHF/UWB wireless link architecture for RFID and WSN. Adapted from 

Paper III [173]. 
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2.1.3 UHF/UWB Hybrid Radios 
Different from peer-to-peer networks, the tag-reader-based wireless sensing system ex-

hibits a number of inherent features that should be considered in system level. First, com-
pared with the number of the readers, large amounts of tags are deployed in a reading zone 
simultaneously. As a consequence, large system capacity is needed in the massive tags 
environment. Second, traffic loads between the uplink and downlink are also lopsided. In the 
downlink, the reader only needs to send and broadcast a small amount of data to the tags 
(e.g. synchronization, control command). However, in the uplink, large loaded sensor data 
on tags should be transmitted back to the reader. If considering the multi-access conditions, 
even higher communication data rate (tens of Mb/s) is required. Finally, on the hardware 
perspective, the tags are strictly constrained by cost and power. Thus, tags have a very 
limited resource such as power supply, memory, computational ability and circuitry com-
plexity, while a reader can be a more powerful device. 

Table 2.1: Characterisitcs of UHF Downlink and UWB Uplink  

UHF downlink UWB uplink 
• Low data rate  
• Continuous wave 

signaling (clock) 
• Wireless power 

transfer 
 

• Simple signal pro-
cessing and synchro-
nization 

• Simplified receiver 

• High data rate 
• Duty-cycled pulse wave 

signaling 
• Ranging and Positioning 

Capability 
• Low power and low 

complexity transmitter 
• Complicated synchro-

nization 

The tag-reader-based wireless sensing system shows asymmetric characteristic in terms 
of the system capacity, the traffic load and the hardware complexity. On the other hand, 
IR-UWB also exhibits an asymmetry: the receiver needs relatively complex hardware 
implementation, but the transmitter can be extremely low power and low complexity.  

Base on the consideration above, an asymmetric UHF/UWB wireless link architecture 
illustrated have been proposed as shown Figure 2.2 [53]. Instead of full-UWB or full-UHF 
wireless link, IR-UWB is introduced for uplink communication from reader to tags, while 
conventional UHF is applied to power up and correspond the tags for downlink communi-
cation. In the downlink, the reader powers-up the tags using UHF continuous wave (CW) 
signal. This signal can be also used as a carrier to send commands and clock to the tags, as 
conventional passive UHF RFIDs. Since the communication is dominated by the uplink, 
there is no need to apply a high data rate UWB in the downlink. Moreover, due to the 
regulatory constraints, the UWB is aggressively duty-cycled with less than 0-dBm power 
radiated [54]. It is infeasible to remotely power up the tag at a significant distance (e.g., ~ 
meters level). Besides, the power consumption and complexity of UWB receiver is too high 
to implement in passive tags. As a result, a narrowband radio with low data rate such as UHF 
is preferred for the downlink communication.  
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In the uplink, the IR-UWB transmitter uses the scavenged energy to send data for a short 
time at high data rate. Compared with backscattering UHF RFIDs, ultra-short UWB pulses 
provide a higher positioning accuracy and wider signal band with high throughput. Base-
band-like architecture and low duty-cycled signal promise extremely low power and low 
complexity transmitter, allowing UWB transmissions in passive systems. By adopting this 
approach, tags take full benefits of the UWB technology, avoid complex UWB receiver, and 
shift the burden to the reader side. Table 2.1 summarizes the notable features of UHF nar-
rowband downlink and UWB uplink. 

2.2 Design of UWB Transmitter for Tags 
2.2.1 The Architecture of UWB Transmitters 

UWB
Antenna

Digital 
Controlled
Oscillator

Timing 
CircuitryBaseband 

Signal

Triangular 
Wavelet

Generator  

Antenna
Driver/PA

Mixer

 
Figure 2.3: Block diagram of a typical carrier-based UWB transmitter. 

UWB
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Delay Cell

Base-band 
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Filter

DA
Edge 

Combiner

 
Figure 2.4: Block diagram of a typical carrierless-based UWB transmitter. 

Several works have demonstrated the feasibility of using active UWB transmitter in 
passive RFID tags for the ultra-low power (ULP) application. The architecture of the 
IR-UWB transmitter can be broadly categorized as the carrier-based transmitter or carri-
er-less transmitter. Figure 2.3 illustrates the basic block diagram of carrier-based UWB 
transmitter. The carrier-based transmitter uses the pulse-modulated sinusoidal signal to 
represent the UWB pulses. The sinusoidal signal generation can be utilized by DCO or 
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LC-based oscillator. The DCO solution has the advantage on area since the most of the 
building blocks can be integrated into standard digital CMOS [55]. Youngmin Park and 
D.D. Wentzloff demonstrate a carrier-based transmitter with DCO synthesized from a 
standard cell library [56]. These digital-like transmitters exhibit excellent energy con-
sumption (i.e., ~10 pJ/pulse). However, due to the employment of standard buffer for the 
output driver amplifier or power amplifier, the UWB radiated energy as well as the output 
pulse swing is quite limited (usually ~100 mV), shortening the communication distance. On 
the other hand, the LC-based oscillator solution provides a high UWB pulse swing thanks to 
LC tank oscillating. The baseband signal is transposed in the carrier frequency band using a 
mixer and an LC voltage controlled oscillator (VCO). A typical implementation is using LO 
switching [57, 58]. The baseband signal needs to be modulated as periodical square-wave 
pulses, controlling the switch to pass or block the LC VCO output signal. The only draw-
back of this solution is LO leakage. Due to the non-ideality of the closed switch, additional 
static power is consumed and thus degrading the duty-cycling performance. 

Alternatively, the carrier-less UWB transmitter modulates the pulse from the baseband 
directly without any mixer stage. This approach simplifies hardware architecture and 
promises extremely low power consumption, at the expense of additional pulse shaping 
network. The most straightforward way is based on step-recovery diodes (SRD). The SRDs 
can be used in series or shunt connection to generate sub-nanosecond rise or fall times step 
signals, by its impedance transition. Associated with microstrip line (e.g., short-circuited 
stub), sharp-step signals with different phase can be combined to produce the UWB pulses 
[59, 60]. The SRD based solution has a simple structure and is easy to fabricate. However, 
the SRDs and their peripheral circuits are usually consisting of off-chip devices, which are 
bulky and relatively expensive when comparing to CMOS technology. Currently, the edge 
combiner (also called pulse combiner) becomes popular for UWB transmitter, as illustrated 
in Figure 2.4. The UWB pulses can be generated from multiple delayed logic gates by 
combing the different delayed signal [61, 62]. If only one delayed logic gate is used, a 
shaping filter is usually followed to filter the DC component (Sometimes this type edge 
combiner is also called triangular generator or baseband pulse generator). The 
edge-combiner solution takes the advantage of digital circuits, thus, it can be fully integrated 
into CMOS technology and consumes a small amount of power. 

2.2.2 Design Consideration of Wireless-powered UWB Transmitter 
In this work, we propose a power scalable and high pulse swing UWB Transmitter for 

wirelessly-powered tag system. The design considerations are showing below: 

Power Scalability: In the aggressive duty-cycled system, any static power consumption 
should be avoided for higher energy efficiency. In other words, the power consumption of 
the transmitter has to be scalable with pulse rate. Power scalability is one of the reasons that 
we use edge-combiner UWB transmitter in the proposed system. When the data is trans-
mitted in burst mode, there is no fixed PRF and the pulse interval varies from time to time. 
The carrier-based transmitter (e.g., LC-based or DCO-based transmitter) will inevitably 
introduce high static power overhead, degrading the system energy efficiency 
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(energy/pulse), especially at low data rate. Alternatively, the edge-combiner UWB trans-
mitter modulates the pulse from the baseband directly, without any mixer stage. The digi-
tal-like hardware architecture promises extremely low power consumption and makes the 
transmitter be capable of power scalability. 

High Pulse Swing: Most of the previous work focus on minimizing the power consumption 
of the transmitter and paying little attention to pulse radiated energy. In particular, the PA, 
which typically dominates the power budget of the transmitter, is simply replaced by 
standard CMOS digital buffers. Low drivability and non-optimal matching network directly 
degrade the UWB radiated energy and shorten the communication distance. In this work, we 
target on high pulse swing UWB transmitter design to obtain larger energy radiation, so that 
the pulse signal can be tolerant of the attenuation and noise over the air, providing a higher 
SNR at the reader side. Consider a scenario where UWB pulses are transmitted and received 
by a given operating distance d. The required radiated pulse energy Etx of the transmitter can 
be obtained as: 

( )10logtx n senE B 0L d S+ = +                                             (2.1) 

where Bn is the pulse rate and 𝑃𝑃𝑃𝑃(𝑑𝑑) is the path loss under residential line-of-sight (LOS) 
between the tags and the reader.  If the sensitivity of the UWB receiver is -99 dBm at nor-
malized 100 kHz pulse rate, the minimum radiated energy Etx is approximately 1.5 pJ for 10 
meter communication distance. 

 
Figure 2.5: Block diagram of edge combiner UWB transmitter. 
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2.2.3 System and Circuits Implementation 
Figure 2.5 shows the block diagram of proposed edge combiner IR-UWB transmitter. It 

consists of a baseband pulse generator, a driver amplifier and an on-chip shaping filter. The 
baseband pulse generator includes an edge combiner that has varying differential delay cells 
and a fast logic gate. A short baseband pulse is generated by the baseband pulse generator in 
an order of hundreds of picoseconds. Afterward, a driver amplifier is activated to drive the 
baseband pulse and strength the pulse magnitude. The output filter isolates DC of the am-
plified pulses and shapes the pulses spectrum to fit the FCC regulations. 

Baseband Pulse Generation and Driver Amplifier 

As illustrated in Figure 2.5, the baseband pulse generator is designed to produce pulses at 
the rising edge of the input signal. The signal propagates through two paths. After the delay 
cell in one path, the two reversed signals are fed to the AND gate, generating an impulse-like 
pulse. The delay cells are implemented by current starved logic gates since the power is only 
consumed during the transition. Hence, the DC power is eliminated compared with current 
mode inverter [63]. The variable delay is realized by controlling the charge current through 
the gate voltage of Mx. Following the tuning delay cell, a series of logic buffers are deployed 
to sharp the edge of the baseband signal and strengthen the driven capability. 

 
Figure 2.6: Transient simulation and corresponding spectrum of the baseband pulse under different           
tuning voltage. Adapted from Paper II [172]. 

Figure 2.6 shows the transient simulation and corresponding spectrum of the baseband 
pulse under different tuning voltage. As can be seen, the impulse baseband signals have 1.3–
1.8 V peak voltage with 200-400 ps tuning range. The generated pulse waveform is either 
triangular pulse or ladder-shaped pulse, depending on the tuning voltage. From the spec-
trum, it is clear that narrower pulse width could increase the bandwidth but come at the 
expense of pulse magnitude. Considering the target UWB pulse bandwidth (i.e., 3-5 GHz), 
the baseband pulse width should be as wide as possible to obtain higher pulse magnitude. 
Moreover, ladder-shaped baseband pulse will dissipate additional power at the drive stage 
(the UWB pulse is only obtained when there is a baseband pulse transition). The flat part of 
the ladder-shaped pulse will keep the driver amplifier always at on-state, resulting at more 
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static power. Therefore, a triangular baseband pulse with 0.8 V tuning voltage is optimal for 
the driver amplifier. 

Driver amplifier is the key building block that determines the pulse magnitude. In order to 
enhance the communication range, high output peak energy with high pulse swing is de-
sired.  A simple standard cell buffer cannot drive 50 ohm antenna load, resulting in small 
pulse swing and low energy radiation [56]. The drive amplifier can be biased as class A, 
class AB or class C amplifier. Class A and class AB amplifier are not the optimal choices 
due to its DC biasing current. The class C amplifier is an attractive option since the small 
conduction angle yields higher power efficiency. However, the small conduction angle 
dictates that the output transistor should be very wide so as to deliver a high current for a 
short amount time [64].  Additional buffers must be inserted before the driver amplifier to 
keep the driving capability. The large size output transistor also introduces extra junction 
capacitor that decreases the pulse performance. Besides the biasing configuration, the driver 
amplifier can be implemented in different architectures, such as common source or cascade 
topology. Although the cascade stage can somewhat relax the substantial stress, it comes at 
the cost of energy efficiency and increases the complexity of matching network. Moreover, 
the output swing will be reduced by 50% comparing to the common source stage under the 
same supply voltage [64]. 

In this work, a single common source stage is deployed as driver amplifier that is con-
figured as a switching amplifier. However, unlike the traditional switching amplifier, the 
drain voltage of the output transistor behaves like oscillating signal with the certain damping 
ratio. In other words, when the transistor turns on or turns off, the load network operates as a 
under-damping system instead of the critically-damping system. The transition between 
on-state and off-state of the baseband pulse should be sufficiently closed for high pulse 
energy. From this perspective, triangular baseband pulses are the optimal option. Conse-
quently, no DC biasing signal is needed for the switching amplifier, permitting almost zero 
static power dissipation between two pulses duration. This is important in an aggressive duty 
cycling system for energy-autonomous applications. Associated with zero DC power 
baseband pulse generator, the proposed UWB transmitter makes the total energy consump-
tion per pulse independent on the pulse data rate, realizing power scalability. 

 
Figure 2.7: Output matching and filtering network. Adapted from Paper II [172]. 
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Table 2.2: Electrical Model Parameters of Bonding Wires 
L_bonding (nH) C_load (pF) R (mΩ) 
Min Max Min Max Min Max 
1.0 1.939 0.147 0.383 77.64 101.41 

Output Filtering Network with Package Co-design 

Signal integrity is one of the most important design issues for UWB systems. The 
high-frequency UWB pulses are easily distorted by the parasitic components, such as pads 
and bonding wires. In order to conserve the pulse integrity, the parasitic pad, and bonding 
wires are estimated and integrated into the UWB transmitter as part of the output filtering 
network, enabling package co-design. 

As shown in Figure 2.7, the parasitic pads and bonding wire are modeled as a low-order 
lumped π network. High order network may provide a more accurate model, but it is difficult 
to be merged into output filtering network. L_bonding models the parasitic inductance of the 
bonding wire, while the C_pad and C_load represent the capacitance of silicon pad and capac-
itance of the lead to the ground, respectively. As a rule of thumb, the bonding wire in the 
high-frequency channel behaves as an inductor of approximately 1 nH/mm. Pad capacitance 
varies from 40 fF to 170 fF, according to different metal layers. Table 2.2 illustrates the 
range of parasitic parameters. All the parameters are estimated under electrical design rules 
with different die area (1.5 mm⨯ 1.5 mm) and package size (QFN 32, QFN 40).  

In the proposed transmitter, a 3rd order Bessel filter with 4 GHz center frequency is con-
sidered as the output filtering bandpass filter. As can be seen in Figure 2.7, the filter to-
pology is a modified ladder structure, which is built from a normalized low-pass filter [65]. 
The load inductor of the output transistor L1 is absorbed as part of the filtering network to 
avoid extra inductor. Due to the metal thickness and the substrate loss, the quality factor of 
the on-chip inductor is usually quite low. In this design, all the inductors are set with 20 µm 
width to reduce the parasitic resistance, so that the overall quality factor in the frequency 
band is larger than 8. The inductor self-resonance frequency is greater than 20 GHz, which is 
far away the 3-5 GHZ frequency band. 

Table 2.3: SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART 

 This 
work 

JSSC 11, 
[66] 

JSSC 11, 
[56] 

TCAS II 14, 
[67] 

JSSC 14, 
[68] 

TBCAS 15, 
[69] 

Power Scal-
ing Yes No No Yes No No 

Output 
Swing (V) 1.27 V 160 mV 91 mV 195 mV 400 mV 510 mV 

EI (pJ/pulse) 1.47 <0.06 0.04 0.032 0.8 <0.65 
ηE

1 8.2% <0.07% 0.33% 0.44% 8% < 3.5% 
           1. The energy efficiency, ηE, is defined as the ratio of energy consumption per pulse, EC, to the 
irradiated energy, EI (ηE= EC/ EI). 

The measurement results and comparison with recently published work are shown below. 
Detailed measurement results can be found in Chapter 4 and corresponding papers. As can 
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be seen from the table, the proposed transmitter shows superior in terms of the pulse am-
plitude, energy efficiency, and power scalability. 

2.3 UHF/UWB Reader Design  
2.3.1 Design Consideration of UHF/UWB reader 

In order to pair the tags for demonstrating the hybrid system concept, an asymmetric 
UHF/UWB reader is designed in this work. As illustrated in Figure 2.8, the asymmetric 
reader transceiver consists of a UHF transmitter and an IR-UWB receiver. The UHF 
transmitter includes a fractional-N frequency synthesizer and a modulator that mix the 
baseband signal to the carrier frequency. The IR-UWB receiver is implemented using ED 
for low power and low complexity. Following are some design considerations for the 
UHF/UWB hybrid reader. 

 
Figure 2.8: Block diagram of asymmetric IR-UWB/UHF transceiver for the reader. Adapted from 
Paper III [173]. 

UHF Transmitter for Energy and Data Transmission 

The reader radiates RF energy to power up tags for data receiving and responding. The 
operation distance usually depends on the energy link, which is limited by reader output 
power and tag’s sensitivity. A tunable external power amplifier is preferred to provide 
flexible and reconfigurable solutions for different standards [70]. For example, 4W Equiv-
alent Isotropic Radiated Power (EIRP) is allowed to be transmitted in North America reg-
ulations, hence, the operating range can be calculated using Friis free space formula: 

π
λ

4
⋅

⋅
=

a

a

P
GEIRPd                                                       (2.2) 
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Where 0a is the minimum threshold power to power up the tag, Ga is the receiving an-
tenna gain (i.e. 0 dBi) and λ is the wavelength. Considering that the state of the art of tag’s 
sensitivity is as low as -15 dBm, the maximum operating range of the downlink can be 
estimated to be around 10 meters [71]. Moreover, downlink data is also provided from the 
reader by UHF signals. Simple ASK modulation is employed as the modulation scheme. 
Binary data are encoded as pulse width modulation, namely, pulse-interval encoding (PIE). 
Time intervals of the high amplitude pulse are chosen 3.125 μs and 9.375 μs to represent bit 
“0” and bit “1”, respectively. 

 UWB Receiver for Data Reception 

As illustrated in Figure 2.8, a UWB receiver is deployed for the uplink to receive pulses 
from the UHF/UWB tag. It consists of a front-end amplifier and a two-interleaved-channel 
baseband. The front-end amplifier provides significant gain (i.e., > 40 dB) to increase the 
swing of received signal and to compress the noise. The two-interleaved-channel baseband 
architecture is composed by a squarer and two-channel windowed integrator bank to ac-
cumulate the signal energy within specific time windows. Non-coherent energy detection 
scheme is preferred for its low power and low complexity implementation. Avoiding RF 
correlation, the ED non-coherent receiver simply collects the signal energy and sample it by 
symbol-rate sampling ADCs. Such scheme relaxes high-speed Nyquist ADC and eliminates 
the precise synchronization requirement. Relaxed synchronization and estimation thus 
reduce the transmission overheads, improving the system energy efficiency. 

The uplink transmission distance is determined by the UWB transmitter power and re-
ceiver sensitivity. Considering a balanced operation distance for both downlink and uplink, 
the uplink distance is targeted at 10 meters. Assume that the transmit power 𝑃𝑃𝑡𝑡𝑡𝑡 for 3-5 GHz 
UWB is -8.3 dBm (maximum power in ideal case). The channel noise 𝑃𝑃𝑛𝑛  in the pulse 
bandwidth is -81 dBm. Based on IEEE 802.15.4a channel model, the path loss (PL) under 
residential line-of-sight (LOS) is estimated to be 61 dB at 10 meters distance [72]. Given a 
bit error rate (BER) requirement of 10-3, the required SNR of system using OOK modulation 
is derived to be -10.5 dB for a data rate of 10Mbps [73]. According to the assumptions 
above, the link budget can be calculated as follows: 

22.2tx nLM NF IL P PL P SNR dB+ + = + − − =

                          

(2.3) 
As a result, the link margin LM is left to be 12.2 dB if the UWB receiver noise figure NF and 
implementation loss IL can be as high as 10 dB.  

Transmitter Leakage 

One of the main challenges in conventional UHF RFID reader is to handle large transmitting 
power leakage during data reception (self-jammer). The CW UHF power may saturate the 
UHF receiver and block the backscattered signal [74, 75]. In order to address this problem, 
the RF front-end has a strict requirement on the linearity. The directional coupler may be an 
alternative solution, but it will introduce additional sensitivity loss. In our proposed 
UHF/UWB reader, the self-jammer problem can be naturally avoided. The communication 
between the reader and tags are no longer half-duplex because the tags do not respond by 
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backscattering the reader’s CW. Separated UHF transmitting and UWB receiving signal 
band naturally prevent transmission leakage into the receiver chain. Thanks to the different 
transmitting and receiving frequency band, the receiver sensitivity will suffer less from the 
transmitter noise and feedthrough phase noise of local oscillator. 

2.3.2 Circuits Implementation 

a. Front-end Amplifier 

 
Figure 2.9: (a) Simplified schematic of LNA and (b) Simplified schematic of a single stage of VGA. 
Adapted from Paper III [173]. 

The front-end amplifier consists of a Low Noise Amplifier (LNA) and a multi-stage 
Variable Gain Amplifier (VGA). As the first stage in the UWB receiver chain, the noise 
performance of the LNA dominates the overall performance of the receiver. In this work, a 
capacitive cross-coupled 𝑔𝑔𝑚𝑚-boosting common gate stage is employed for the wideband 
LNA, as shown in Figure 2.9 (a).  Instead of high-Q source inductor,  𝑀𝑀𝑏𝑏1 and 𝑀𝑀𝑏𝑏2 are used 
as the current sources for area saving. A stacked load inductor is used to replace the shunt 
peaking load. The simulation results shows that the 1-dB compression point is -9dBm at 
4GHz, and IIP3 is -1.5dBm at 5.1GHz. Owing to the attenuation from the pre-filter, the LNA 
shows sufficient linearity to against the interferers at 5-6GHz, thus a notch filter of 5-6 GHz 
is not needed. To complete the input matching network, the effect of bonding wire and ESD 
diode is also considered in this work. The ESD dual diodes are set to be 2 fingers with 1 µm 
width and 30 µm length, to meet the trade-off between the return loss and protected voltage 
of human body mode (HBM). As a result, the voltage gain of the proposed LNA is larger 
than 15 dB with 3.1 dB NFmin, while the power consumption is 1.3 mW. 

For further increasing the swing of the signal, a wideband VGA is following the LNA to 
provide additional gain. It consists of four cascaded amplifier stages, as shown in Figure 2.9 
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(b). The voltage gain is tunable from -10 dB and 44 dB. A 4 bits logarithmic Digital to 
Analog Converter (DAC) is designed to provide 16 steps of linear gains from -2.5 dB to 11 
dB in each stage. The variable gain control is realized by changing the transconductance of 
M1 and M4. When the control voltage is increased, the bias current of M2 and M3 becomes 
larger and the transconductance of M1 and M4 are reduced. However, the total bias current 
M5 and M6 is unchanged. With this method, the input impedance and bandwidth will be 
kept constant from the gain variations. The signal in each stage is AC coupled to avoid the 
DC offset, requiring additional DC biasing. The simulation results show that the bandwidth 
of the VGA (- 3 dB bandwidth) is 1.7 GHz which centered at 3.9 GHz.  

b. Squarer 

 
Figure 2.10: (a) Schematic of squarer and (b) Simplified small signal model at the output node of the 
squarer. Adapted from Paper III [173]. 

The role of the squarer is to self-mix the received RF signal (sometimes it also called as 
self-mixer). The implementation of squarer can be passive or active. The passive squarer has 
the advantage on power consumption since no dc bias current is consumed in the circuit 
[76]. However, additional gain stages are needed to compensate the low-gain passive 
squarer for further signal processing. Therefore, the total power consumption of the receiver 
will not benefit from the deployment of passive squarer. As illustrated in Figure 2.10, a four 
quadrant active multiplier is employed as the squarer in this work. The transconductor 
multiplier structure contains four cross coupled current branches. In each branch, two 
pipelined transistors are biased to the different region. Assuming x is the AC input signal 
and X is the biasing voltage. The output current 𝐼𝐼𝑜𝑜1 and 𝐼𝐼𝑜𝑜2 can be written as

          

 
       2

1 1 3 _ _( )( 2 )o th sat th th satI I I k X V X V V kx= + = − − + +                         (2.4)                                

       

2
2 2 4 _ _( )( 2 ) 3o th sat th th satI I I k X V X V V kx= + = − − + −

                      

(2.5) 

The difference of Equation 2.4 and 2.5 yields the required output current. Assuming all 
transistors are matched, the output voltage of the squarer is  
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1 2( ) 4o L o o LV R I I kR x= − − = −                                             (2.6) 

In order to balance the bandwidth and linearity performance, the upper transistors (M5-M8) 
is carefully sized (detailed small signal analysis can be found in the appendix paper). As a 
result, the squarer bandwidth is larger than 2 GHz while the Total Harmonic Distortion 
(THD) is controlled to lower than 5% in the complete input range. The power consumption 
of the squarer is 2.4 mW. 

c. Integrator Bank 

 
Figure 2.11: Block diagram of integrator bank with baseband VGA. Adapted from Paper III [173]. 

The integrator bank is designed to accumulate the signal energy for demodulation, as 
shown in Figure 2.11.  In this work, the integrator bank is implemented by a Gm-C cell and 
a set of switches. The Gm-cell employs a telescopic amplifier to improve DC gain. The 
telescopic amplifier is loaded with a cascade current source to increase the output imped-
ance, and also, decrease the leakage current when the S/H capacitors and the Gm-Cell are 
connected. A set of switches are used to control the operation cycles of sampling and 
holding the load capacitors. 

The operation cycles of the load capacitors include integration cycle (integration win-
dow), S/H cycle and reset cycle, which are controlled by a programmable timing circuit. To 
relax the sample and hold time for the bit settling in ADC, two branch S/H switches are 
operated in interleaving mode. In each integration cycle, the window switches of one branch 
are closed for integrating, while the S/H switches of the other branch are closed for holding 
the integration value from the previous cycle. In this case, the S/H capacitor has almost one 
symbol period to hold the final integration value.  When the holding cycle is finished, a reset 
signal immediately discharges the S/H capacitor to the ground for next integration. In high 
data rate PPM modulation, two integrators can be driven separately by independent timing 
signals [76]. The baseband VGA (BBVGA) uses source follower to isolate the resistive 
feedback amplifier (the second stage of the BBVGA) and the integrator, avoiding the 
leakage of the signal on the integrating capacitor during sample/hold cycles. Because the 
maximum data rate is 33.3 Mb/s, the BBVGA is designed to have 3-dB bandwidth 40 MHz 
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with 4-step gain control. Each step gain variation is 5 dB and the maximum gain is 20 dB. 

2.3.3 Experimental Results 

 
Figure 2.12: Die photograph of the UHF/UWB transceiver front-end.                                      

 
Figure 2.13: Measurement setup of the UHF/UWB reader transceiver. Adapted from Paper III [173]. 

The transceiver prototype has been fabricated in 90nm CMOS technology. It occupies an 
area of 1.8 mm× 0.9 mm with ESD protected pads. Besides the transceiver area, rest of the 
die is filled with test structures and I/O buffers. Timing circuitry and high-speed baseband 
controller is also integrated into the prototype for the measurements, providing a wide range 
of programmability and reconfigurability, such as data/pulse rate, gain controls, phase and 
length of the analog integration window, etc. The transceiver is packaged in a 32-lead 
package (QFN 32) and mounted on an FR4 PCB. The microphotograph of the chip is shown 
in Figure 2.12. 

Figure 2.13 shows measurement setup of the UHF/UWB reader transceiver. The reader 
test board contains the transceiver front-end prototype and two 8-bit 40Mps ADCs [78]. A 
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Field-Programmable Gate Array (FPGA) is utilized as an external back-end for baseband 
processing. It is able to configure and execute different algorithms, taking care of baseband 
signal generation, data reception, pulse/code level synchronization, and real-time control, to 
accommodate different operation modes. In order to realize run-time reconfigurability, a set 
of control signals in parallel are to be programmed by the FPGA back-end at maximum 
frequency 33 MHz (maximum pulse frequency). However, due to the limitation of IO 
numbers, a serial-in-parallel-out (SIPO) high-speed control interface is needed to update the 
back-end control signals to ASIC. As a result, a 225 MHz with 8-bit synchronized data bus 
is connected between the FPGA and reader test board by the High-Speed Mezzanine Card 
(HSMC), offering 48 bits real time control signals [79]. Moreover, another 85-bit SIPO 
registers are deployed for analog trimming and operation mode selection. All the high-speed 
control signal paths are applied in the ground layer to minimize the jitter and the skew. 
Considering that the analog and RF power supplies will suffer from the noisy digital power 
supply, parallel passive low pass filters were used to keep the stability of those sensitive 
power supplies. 

 
Figure 2.14: Time-domain waveform of UHF transmitter. Adapted from Paper III [173]. 

Time domain result of the UHF transmitter is illustrated in Figure 2.14. Using an on-chip 
modulator, the ASK modulated data can be achieved up to 160 kb/s data rate. The meas-
urement shows that the DCO can be fine-tuned from 830 MHz with 11% tuning range. The 
input of UWB receiver is arranged close to the RF pad in order to minimize the input para-
sitic capacitance. The measured input return loss S11 is plotted in Figure 2.15. In most cases, 
the S11 is lower than -10 dB inside the targeting band with the worst case of -9.6 dB at 3.27 
GHz. The whole IR-UWB receiver front-end consumes 15.5 mW for the single channel 
OOK modulation and 21.5 mW for two channels. Although up to 59 dB voltage gain is 
offered in the front-end amplifier, 0.5 nJ/bit energy per bit can be achieved at 33 Mb/s data 
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rate. Noise figure measurements are conducted by a hot-cold method with the NC346B 
noise source connected to the Rhode-Schwarz FSQ26 spectrum analyzer. The minimum NF 
of the front-end is 8.5 dB.  

            
     Figure 2.15: S11 measurement of UWB receiver. Adapted from Paper III [173]. 

 
 Figure 2.16: Measured receiver BER versus input signal power. Adapted from Paper III [173]. 
In order to evaluate the BER performance, the IR-UWB receiver has been tested together 

with the asymmetric RFID tag [24], which includes an IR-UWB transmitter. As shown in 
Figure 2.13, random baseband data pattern as well as pulse control signal is generated from 
FPGA to tag, where the pulse bandwidth and power level can be easily adjusted. In this test, 
the IR-UWB signal at a pulse PRF of 10 MHz is modulated and transmitted to the reader. 
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The spectrum analyzer shows that the transmitted pulse spectrum satisfies the FCC regula-
tion. Figure 2.16 presents the BER of the receiver as a function of input received power. It 
illustrates that the proposed receiver has -79 dBm sensitivity at 10 Mb/s data rate if targeting 
the BER as 10-3, corresponding to an operation distance over 10 meters.  

The measured performance of the UWB receiver is summarized and compared with other 
works from the literature in Table 2.4. A normalized sensitivity metric is provided to 
compare the entire receiver performance fairly. As shown in the table, the proposed receiver 
achieves highest normalized sensitivity and second highest data rate while the energy per bit 
still can be kept at a relatively low level. 

Table 2.4: MEASURED PERFORMANCE SUMMARY OF THE UWB RECEIVER IN COMPARISON WITH OTHER 
RELATED WORKS 

 This work [76] [80] [81] [82] [83] 
Technology 90nm 90nm 90nm 180nm 90nm 65nm 
Active Area 1.6mm2 2.25 mm2 1.5mm2 17.2mm2 0.96mm2 0.3mm2 

Power Supply 1V 1.2V 1.25V 1.8V 1V 1.2V 

Modulation OOK/PPM OOK/PPM OOK OOK/BPSK OOK/S-OO
K PPM 

Bandwidth 2GHz 500MHz 500MHz 2GHz 700MHz 1.5GHz 
Max. Data Rate 33Mb/s 16Mb/s 100Mb/s 20Mb/s 1Mb/s 1Mb/s 

Energy/Bit 0.5nJ/bit 1.4nJ/bit N.A. 5.3nJ/bit 3.9nJ/bit 0.29nJ/bit 
Power Con-

sumption 15.5mWb 22.5mW 156mW 23.6mWc 3.9mW 3.6mWe 

Normalized 
Sensitivitya -99dBm -98dBm -80dBm -82dBm -73dBmd -62.5dBm 

a. The sensitivity is normalized at a data rate of 100kb/s. b. ADC and digital baseband are not included.   
c. The power consumption of LNA and squarer. d. Packet error rate is measured. e. Peak power consumption. 

2.4 Summary 
In this chapter, the UHF/UWB hybrid radio interface is implemented for wireless sensing 

system. Taking full benefits of the UWB transmission, active IR UWB transmitter is intro-
duced to the tag for energy saving while shifting the complex and power hungry UWB 
receiver to the reader side. The UWB transmitter employs edge combined with a bandpass 
filter, aiming at high pulse amplitude, high energy efficiency and power scalability. On the 
reader side, an asymmetric UHF/UWB reader transceiver is designed and implemented to 
pair the tag. A two-channel energy detection IR-UWB receiver is designed to be compliant 
with both OOK and PPM modulation. The UHF transmitter uses ASK modulation with a data 
rate up to 160 kb/s. The measurement shows that the UWB transmitter has 1.27 V pulse 
swing with 8.2 % energy efficiency and the UWB receiver has -99 dBm sensitivity with 0.5 
pJ/bits, which is a promising radio interface solution for energy-efficient wireless sensing 
system. 
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CHAPTER 3 

WIRELESS CLOCK-HARVESTING FOR RADIO IN-
TERFACE 

This chapter addresses the design issue of LO generation in radio interface for wireless 
sensing. We first describe different LO generation methods and compare their advantages 
and disadvantages. Afterward, the wireless clock harvesting techniques are proposed. As a 
case study, a sub-GHz UWB transmitter with wireless clock harvesting is presented for 
RF-powered applications. The transmitter is powered by 900 MHz UHF signals radiated by 
a reader wirelessly and responds UWB pulses by locking-gating-amplifying the 
sub-harmonic of the UHF signal. Related circuit implementation and corresponding ex-
perimental results will be presented in Section 3.4 and 3.5. 

3.1 Overview 
3.1.1 Design Considerations of LO 

As we know, the local oscillator is extensively used for signal up-conversion and 
down-conversion in both transmitter and receiver of the radio interface. In wireless sensing 
system, LO is also often employed as the source of the baseband clock. As one of the power 
hungry building blocks, special effort is needed to design low power LO so that it can be 
integrated into the energy-autonomous system. For some wireless system that using du-
ty-cycling architecture, the LO also needs to be switched on and off very fast for energy 
saving [84, 85]. This will bring the challenges on LO start-up time. Moreover, arising from 
the PVT variations, the frequency of LO shows a high degree of uncertainty (e.g., frequency 
drift, phase noise) [86]. To ensure a reliable communication of wireless sensing system, a 
strict requirement on the LO exists. Following are some design considerations in the design 
of the clock generator for radio interface in the energy-autonomous wireless sensing system:       
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Low power consumption: One of the major challenges for LO is the stringent power re-
quirement, especially for short-range radio. When communication distance is short, the LO 
generator tends to dominate the overall transmitter power consumption [87]. Therefore, 
reducing the LO power is an effective method for power saving. Considering that most 
available power harvesting techniques are limited to ~100 µW/cm3 and the system physical 
size is ~cm3 level [88, 89], the available power for the whole wireless sensing system is 
~100 µW. Anticipating the power budget for sensing block and other radio blocks, the LO is 
expected to consume less than 50 µW of power. 

Startup time: Aggressive duty-cycled radio architectures (e.g., UWB radio) is a most ef-
fective way to facilitate ultra-low power communication since the power hungry RF-blocks 
need to be on only during transmission and reception of short-duration time. However, the 
duty-cycling imposes high-level limitations on the LO. The startup time of a traditional LO 
is relatively long, and can be inefficient if the transceiver requires aggressive duty cycling 
and short packet data transmission [90]. When the data is transmitted in a burst manner, long 
LO startup time will lead to large setup overhead, degrading the system energy efficiency. 
For ~Mb/s level data rate, the startup time of LO must in the order of a few 100 ns so as to 
benefit from the duty-cycled operation. 

PVT variation: The massive use of simple, low power oscillator (e.g., ring oscillator or 
relaxation oscillator) in wireless sensing system brings a challenge on PVT variation. For 
example, the frequency uncertainty of a relaxation oscillator could be as large as 20% due to 
the RC variation [91]. The huge frequency uncertainty makes it difficult to be employed as 
LO without any calibration (e.g., EPC class 1 generation 2 UHF RFID protocols require a 
maximum ±4 % frequency uncertainty of the backscattering signal frequency) [92]. Com-
pensation techniques, such as replica biasing adjustment [93], can provide good frequency 
stability but at the cost of power consumption. Therefore, new energy-efficient techniques 
are needed to against the PVT variation.  

 
Figure 3.1: The architecture of conventional PLL 
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3.1.2 State-of-the-art of LO Generation 
This section will review different LO generator architectures for wireless sensing system. 

a. Phase-locked Loop (PLL) 

PLLs are widely used in radio frequency synthesis. Compared to other LO generators, 
PLLs are robust to frequency drift and phase noise thanks to the feedback loop that can lock 
the PLL to a stable reference. Figure 3.1 illustrate the basic architecture of PLL. In the 
simplest form, the PLL is a negative feedback loop that periodically minimizes the phase 
difference between the reference clock and feedback clock. A typical PLL consists of 
phase/frequency detector, a charge pump, a loop filter, a VCO, and a frequency divider. The 
phase/frequency detector (PFD) generates a phase error between the reference clock and 
feedback clock which is proportional to the output DC value. Over time, the frequency 
differences of these two clocks will accumulate as an increased phase error. Associated with 
charge pump and a low pass loop filter, the behavior of PFD is similar to that of an inte-
grator. The output signal of the loop filter acts as a voltage control signal to adjust the 
VCO’s frequency, aligning the phase of feedback clock and frequency clock. A frequency 
divider is employed in the feedback path to divide down to the feedback clock. When the 
loop reaches steady state (i.e., the PLL phase is locked), the phase difference between the 
feedback clock and reference clock is constant. Since the feedback clock is divided by the 
VCO’s clock frequency, the frequency of PLL is N times of the reference clock [94]. 

Although the PLL shows excellent frequency accuracy with only a few ppm uncertainties, it 
leads to ~ mW level high power consumption [95, 96]. In other words, the conventional PLL 
is not suitable for energy-autonomous applications. In order to minimize the power, a recent 
work presents a duty-cycled PLL (DCPLL) for power saving [97]. The DCPLL only works 
for a short duration in the burst mode, and switch off unused parts of the system during the 
long idle periods to save the power. However, the average power of DCPLL still could be as 
high as serval hundreds of microwatt, which cannot meet the strict power budget for the 
energy-autonomous system (e.g., 50 µW).  Moreover, the DCPLL needs to have a fast 
start-up and locking time for burst operation and thus increasing the circuit’s complexity and 
area. In [98], M. Crepaldi and D. Demarchi present another type of DCPLL, which is named 
as asynchronous logic PLL (AL-PLL). The AL-PLL uses a duty-cycled clock signal as a 
reference clock. The feedback loop AL-PLL only works during “1” duration of the reference 
and turns off the power-hungry VCO during the rest of time. The AL-PLL exhibits excellent 
low power performance while maintaining relatively good phase noise performance. Yet, 
serval tens of refresh cycles are needed for the slow settling time and locking time due to the 
asynchronous locking scheme. An additional circuit is also needed to generate the du-
ty-cycled reference clock. 

b. Relaxation Oscillator 

Relaxation oscillator, including RC oscillator, is a good candidate for ultra-low power 
solutions with acceptable frequency accuracy for wireless sensing networks [99]. Compared 
to the crystal oscillator, relaxation oscillator does not need bulky external components and 
thus, can be easily integrated into a CMOS technology. The frequency accuracy of relaxa-
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tion oscillator can be maintained to 1% after trimming the on-chip capacitors and resistors 
(the capacitor and resistor determine the time constant of the oscillator) [100]. The archi-
tecture of typical relaxation oscillator is illustrated in Figure 3.2. It consists of two current 
sources, a load capacitor C, two comparators and an SR flip-flop. Controlled by switches, 
the load capacitor is constantly charged or discharged by the current source I. The capacitor 
voltage Vosc then becomes a ramp signal and is sent to be compared with a reference voltage 
(Vhigh and Vlow). If Vosc is higher than Vhigh, the comparator will set the SR flip-flop and 
change the Vosc by discharging the C. The oscillator then goes into the discharging phase. If 
Vosc is lower than Vhigh, the second comparator will reset the SR flip-flop and change the 
oscillator back to the charging phase. By repeating comparing and charging/discharging 
operations, the period of the relaxation oscillator is ideally proportional to the time constant 
RC. Considering the propagation delay (Td) and offset (Voffset) of the comparator, the os-
cillator period can be obtained as [101]: 

 2 offset
clk d

V C
T 2C T

I
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= + + 
 

                                            (3.1) 

As can be seen from the Equation 3.1, the oscillator period depends on the charging and 
discharging time of the loading capacitor. Therefore, the relaxation oscillators usually 
cannot operate at high frequencies (~100 MHz to ~GHz) for LO generator. 

 
Figure 3.2: The architecture of typical relaxation oscillator 

As disused in the previous parts, both PLL and relaxation oscillator cannot meet the 
stringent requirement in terms of power and the frequency accuracy for energy-autonomous 
applications. The DCPLL can have relatively good power consumption (e.g., 260 µW by 
10% duty cycling, [97]), yet it still needs a reference clock for phase comparison or spends 
extra settling time and locking time for frequency locking. On the other hand, relaxation 
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oscillators exhibit an order of magnitude power saving comparing to the PLL solution, while 
maintaining sufficient frequency accuracy, i.e., < ±1 % [102]. However, the oscillating 
frequency cannot reach to ~100 MHz for LO generation due to its RC charging/discharging 
principle. Figure 3.3 shows the state-of-the-art of LO generators in terms of operating 
frequency and power consumption.  As can be seen, the power consumption of these os-
cillators is almost linear with their operating frequency. In order to integrate active radios 
into the energy-autonomous system, new techniques and architecture need to be explored, 
allowing µW power level LO generator. 

 
Figure 3.3: Comparison of different LO generators in micropower wireless systems. In order to 
integrate active radios into the energy-autonomous system, the power budget for the LO generator 
should be in µW level. Adapted from Paper IV [174]. 

3.2 Wireless Clock-Harvesting 
Before we present the proposed wireless clocked harvesting technique, let’s first introduce 

injection-locked oscillator briefly.  

3.2.1 Injection-locked Oscillator 
Injection locking as an interesting nonlinear locking phenomenon in oscillator has been 

studied by R. Adler and L.J. Paciorek since 1960s [103, 104]. Figure 3.4(a) shows the 
principle of oscillator under injection. A free running oscillator can change its frequency 
when an external signal is injected and the external signal is near the free running oscillator 
frequency. If the external injection signals satisfy some requirement on frequency and 
power (i.e., the injection signal is within the locking range), the oscillator frequency will be 
pulled and locked. The oscillator locking frequency can be not only the external injection 
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signal’s frequency but also the subharmonic frequency of the injection signal. This type of 
oscillator is usually named as a subharmonic injection-locked oscillator or injection-locked 
divider. Figure 3.4(b) illustrates the operation principle of the subharmonic injection-locked 
oscillator. Assume that the (N-1)st harmonic of the oscillator frequency mix with injection 
signal, and produce a beat frequency, finj-(N-1)fosc. The oscillator will be locked when this 
beat frequency is equal to the free-running oscillator frequency. Thus, the locked oscillator 
frequency will satisfy the bellowing equation [105]: 

 ( )1 inj
osc inj osc osc

f
f f N f f

N
= − − ⇒ =                                    (3.2) 

In early time, the injection locking (and injection pulling) had been regarded as an un-
wanted disturbance, causing a malfunction in serial data recovery and increasing clock skew 
and jitter [106]. However, injection locking becomes useful recently in many applications, 
including LO generation [107, 108] and frequency division [109, 110]. Especially for 
wireless sensor networks, injection locking based LO exhibits good performance thanks to 
its low power and high energy efficiency. In [111], a sub 100 µW injection-locked oscillator 
based MICS/433 MHz ISM band transmitter is presented. Using the cascaded injection 
locking, the LO of the transmitter achieves a FoM of 204 dB while locked to an external 
crystal reference. Instead of using PLL or DLL for frequency synthesis, the injection-locked 
oscillator can achieve fast settling time, allowing duty cycling. The main drawback of this 
architecture is the employment of the crystal oscillators. Although the crystal oscillators can 
provide reference clock with excellent stability against PVT variations, the bulky physical 
size and incompatibility with CMOS technology makes it unsuitable for a low-cost system. 

 
Figure 3.4: (a) Principle of oscillator under injection.  (b) Principle of the subharmonic injec-
tion-locked oscillator. 

3.2.2 Injection Locking Based Wireless Clock-Harvesting 
In the conventional RF-powered RFID system, the reader only provides energy and 

command to the tags through the narrowband carrier. This continuous narrowband carrier 
can be also used as the clock source. The aim of wireless clock harvesting is to exact the RF 
carrier for LO generation. Direct amplification of the RF carrier signal or using a 
clock-harvesting receiver (CRX) is not optimal since it consumes unacceptable power and 
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introduces complex circuit [112]. Instead, the received RF carrier is introduced into an ILO 
as an external reference. Frequency uncertainty from PVT variations can be effectively 
suppressed by locking to the wireless reference while maintaining low power consumption. 
With this approach, conventional reference, e.g., bulky crystal reference is eliminated so that 
the system integration cost can be reduced. 

 
Figure 3.5: System concept of wireless clock harvesting and the block diagram of injection-locking 
based UWB transmitter. Adapted from Paper V [175]. 

The key advantage of wireless injection locking is to provide high-frequency accuracy, 
comparing to a free running local oscillator (e.g., LC oscillator or ring oscillator). Without 
power consuming PLL, the ILO can be locked at either super-harmonic or sub-harmonic 
frequency by injecting received RF signal, preventing the effect of PVT variations. More-
over, since the LO clock on the tag is locked by the received UHF carrier, the clock between 
tags and reader is in-phased so as to facilitating the synchronization. Another notable ad-
vantage is that the amplitude of the RF injection-locking signal does not need to be large 
[91]. Thereby, the communication range between reader and tags can be guaranteed without 
any extra RF amplifier. Generally, the ILOs can be implemented based on LC oscillator or 
ring oscillator. The LC ILO can easily operate at ~GHz frequency. However, the LC tank 
occupies large silicon area and consumes mW level power consumption (e.g, 5 mW in [113] 
and 3 mW in [114]). More importantly, the locking range of LC ILO is relatively small 
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(typically <10%). The small locking range means the LC ILO is insufficient to against the 
PVT variation and the oscillator may not be able to lock to the target frequency. On the 
contrary, the ring oscillator-based ILOs are attractive options for energy-autonomous sys-
tems. The ring oscillator-based ILOs offers wider lock range, which relaxes the requirement 
on the amplitude of the received RF signal’s. Moreover, the ring oscillator-based ILO uses 
all transistor-based architecture so that it occupies small silicon area and promises low 
power dissipation. 

 
Figure 3.6: Setup time and locking range under different input RF power. Adapted from Paper V 

[175]. 

So far, the injection locking based wireless clock harvesting is a promising ultra-low 
power solution for LO generation. However, it leads to additional design challenges on PVT 
variations, data rate and clock-locking distance (i.e., the maximum distance between reader 
and tag that the ILO can be locked). On one hand, the maximum data rate is limited by the 
startup time of the ILO and its lock-in time, if the baseband data is OOK modulated. In other 
words, in the duty cycling system, the setup time (including startup time and lock-in time) of 
LO should be minimized so as to support high data rate transmission. Also, as mentioned 
before, the ILO need large locking range to against the PVT variations. Consequently, to 
provide fast lock-in time and wide locking range, the input RF power should be sufficiently 
large. On the other hand, considering the power-up sensitivity of the tag (i.e., the minimal 
available incoming RF power that can power up the tag), it is difficult to have very large 
input RF power. Because large input RF power on tag means shortening the power-up 
distance. Therefore, the input RF power should be balanced, allowing identical 
clock-locking distance and power-up distance. 

Figure 3.6 shows the design trade-off of ring oscillator based ILO. The simulation results 
illustrate the setup time of a 450 MHz ILO and its locking range as a function of the 
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900MHz input RF power. It can be observed that the locking range varies by more than 15× 
while the setup time differs by less than 3× at the entire input RF power range. The setup 
time is less 96 ns in the worst case (startup time of the ILO is <18 ns and the lock-in time is 
< 78 ns), corresponding to a 10 MHz data rate. Assuming we have 10 meters power-up 
distance between the reader and the tags, the minimum power-up sensitivity of the tag can be 
estimated as: 

( )

2
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where Pa is the available power at the tag receiving antenna, EIRP is the Equivalent Iso-
tropic Radiated Power of the reader, Ga is the receiving antenna gain, λ is the wavelength, 
and d is the distance. Assuming 4W EIRP is transmitted from the reader to tags with free 
space path loss, the power-up sensitivity of the tag should be at least -15 dBm for 10 meters. 
In other words, to be identical the clock-locking distance and power-up distance, the 
clock-locking distance should also be larger than -15 dBm. From the Figure 3.6, -15 dBm 
input power indicate ~MHz data rate and >125 MHz locking range, corresponding to 28% of 
the oscillator frequency. Considering the frequency variation of a free-running oscillator 
(e.g., ring oscillator) is normally around 20% without calibration, 125 MHz locking range 
under -15 dBm input power is sufficient to lock the ILO [91]. Therefore, in this work, a 20% 
locking range under -15 dBm injected power with ~Mb/s data rate is targeted.  For some 
applications where the power budget can be relaxed (e.g., semi-passive RFID or bat-
tery-assisted active radio), the locking range, as well as the clock-locking distance, can be 
easily extended by adding a simple narrow band amplifier, at the cost of tens of µW power 
consumptions. 

3.3 Sub-GHz UWB Transmitter with Wireless Clock-Harvesting 
As a case study, a sub-GHz UWB transmitter with wireless clock harvesting for 

RF-powered applications such as RFIDs and implantable devices is presented. The bottom 
figure of Figure 3.5 shows the block diagram of the injection-locking based UWB trans-
mitter. As can be seen, the LO of the transmitter is locked to the incoming UHF signal from 
the reader. Thus, the UHF carrier not only provides the energy but also provides the clock. 
The center frequency of the output UWB pulse is at the sub-harmonic of input UHF fre-
quency, so there is no frequency collision for transmitting and receiving. The frequency 
band separation is sufficient (i.e., The input signal is at 900 MHz while the output UWB 
signal is centered at 450 MHz with 400 MHz BW), and thus two signals can be effectively 
isolated by filters and antennas. Moreover, the maximum PSD of the transmitted UWB 
pulse is only -41.3 dBm/MHz, which is > 25 dB lower than the received UHF carrier power. 
Naturally, the “self-jamming” issue or “antenna injection-pulling” of traditional RFID 
readers can be avoided.   

The proposed transmitter consists of an ILRO, a synchronized pulse generator, and a 
driver stage. The ILRO is designed to generate a 450 MHz oscillator that can be locked to a 
900 MHz UHF carrier. Then the output signal of ILRO is gated by a synchronized baseband 
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pulse generator. The pulse width of the baseband pulse is in an order of 5 nanoseconds. 
Finally, a single gain stage with an output filter drives and shapes the gated signal to fit the 
FCC mask. 

 
Figure 3.7: Normalized TX power versus data rate of duty cycling system.  At reduced data rate, 100 ns 
duty-cycling TX shows higher power scalability. Adapted from Paper V [175]. 

In power-constrained short range radio system, energy efficiency is an important issue 
need to be addressed. Because of large overhead (e.g., frequency generation circuits and 
leakage which do not directly contribute to link margin like PA), conventional RF trans-
mitters tend to be less energy-efficient when data rate becomes low, i.e., transmitter con-
sumes more energy per bit. On the other hand, the transmitter power consumption should be 
fully scalable with the data rate adapting to energy conditions and required throughputs. In 
other words, energy consumption per bit should maintain constant even at every low data 
rate. In the proposed work, we utilize IR-UWB to achieve power scalability by means of 
pulse level duty-cycling, thanks to aggressively duty-cycling and fast wake-up circuits for 
each single pulse. The entire UWB transmitter is switched on in a short time period for pulse 
transmission and switched off completely between pulse intervals. If the UWB transmitter 
can be simply modeled as an LO block and a pulse generator, then the transmitter power 
consumption is:  

( )Tx Tx Setup p LeakP E E R P= + ⋅ +                                               (3.4) 

where ETx is the energy consumption per pulse of the pulse generator, Rp is the pulse rate, 
PLeak is the leakage power, and ESetup is the LO energy consumption which is dominated by 
its setup time. Figure 3.7 shows normalized transmitter power consumption versus data rate 
with no duty-cycling, 50% duty-cycling, and 100 ns duty-cycling, respectively. As can be 
seen, pulse level duty-cycling can significantly improve the transmitter power scalability at 
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low data rate. For our target applications where the throughput is from ~kbs to ~Mbs, the 
setup time should be less than 100 ns to keep the transmitter power consumption scalable 
with data rate.  

 
Figure 3.8: Simplified schematic of the injection-locked ring oscillator. Adapted from Paper V [175]. 

3.4 Circuit Implementation 
3.4.1 Carrier Based Injection-locked Ring Oscillator 

The schematic of proposed ILO is shown in Figure 3.8. Instead of implementing differ-
ential ring oscillator, the ILO is devised based on a three-stage single-ended ring oscillator 
with quasi-differential divider. There are serval ways to inject the signal. One method is by 
changing the transconductance of the loop transistor. This method is usually achieved by 
tuning the tail biasing current, and thus is referred to as tail injection [115]. The other 
method is tuning the load conductance on each stage or tuning the loop conductance di-
rectly. Sometimes it is called as direct injection [116, 117]. From the injection phase per-
spective, the ILO can also be classified as a single phase or multiphase [118, 119]. The 
multiphase injection (e.g, differential phase) may increase the locking range performance of 
the ILOs. However, it will consume extra power and circuits on the phase shifter because the 
received UHF carrier is a single-phase signal. In this work, a single-phase direct injection 
method is employed. As can be seen in the figure, the transistor M4 is directly inserted 
between two inverters’ outputs, providing a local current injection loop. 

The received RF signal excites M4 and generates the injection current Iinj. The opposite 
time-vary currents with amplitude and phase variations are produced at output node int1 and 
int2. The introduced current loop, therefore, changes the load impedance of the last two 
stages. When the current loop is able to reach steady state, the ILO will be locked to the 
second sub-harmonic of the injection signal. As we know, the locking range of the ILO is 
dependent on the injection current strength. In order to obtain higher injection current, the 
DC operating point of int1 and int2 are designed to be imbalanced to increase the trans-
conductance of M4. Consequently, careful sizing is desired to optimize the dc biasing 
voltage. The width of M5 and M2 is reduced to set the DC operating point at int1 larger than 
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that at int2 while the size of M3 is reserved to provide sufficient driving capability. Besides, 
the baseband signal Vdata controls the biasing current of the ILRO by switching M8. 

 
  Figure 3.9: Small-signal equivalent circuit of the injection-locked ring oscillator. 

Figure 3.9 illustrates the small signal equivalent circuit and phase characteristic of the 
ILO. To satisfy the criteria of the sustained oscillation, three stages unequally distribute 2kπ 
phase shift around the loop, where k is an integer. A phase shift of φ2 and φ3 is introduced 
into the second and third stage with a single-end input injection. Consequently, additional 
phase delay θ is generated from each individual stage to cancel the φ2 and φ3, satisfying the 
injection-locked condition. Considering that the phase different between iload and Vout in 
each stage can be expressed as [120]:  

1

0

tanπ θ −  
+ =  

 

f
N f

                                                        (3.5) 

where f is the locked output frequency and f0 is the self-oscillating frequency of the ILO. By 
applying the Taylor expansion to the Equation 3.5 around f0, the phase shift at each load is 
approximated by    
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Here, ∆f/f0, which is defined as locking range, is directly proportional to |iinj/iosc|. If using 
single phase tail injection method, only one injection current injects into the tail of the ring 
oscillator, which limits the locking range. In this work, the output signal is directly injected 
by two opposite phase injection current through one single phase input signal. Compare to 
multi-phase injection, such approach provides extra phase shift injection current without 
phase shifter circuit. Hence, the two injected current signal contribute to compensate the 
phase shift so that an enhanced locking range can be achieved. If assume that the injection 
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current iinj is much smaller than the oscillation current iosc, the one-sided locking range at the 
second harmonic frequency can be obtained [121]: 
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Besides the locking range, lock-in time is another important feature of the ILRO since it 
will affect the maximum possible data rate in the duty-cycling system. Fast lock-in time can 
significantly reduce the power overhead thus increase the system energy efficiency. In 
general, the lock-in time is dependent on the strength of the injection signal as well as the 
frequency difference between locking frequency and free-running oscillation frequency. 
Figure 3.10 illustrates the simulated lock-in time as a function of the input RF power. The 
frequency difference is approximate 5 MHz. It is evident that higher injected power results 
in a shorter lock-in time. Based on the simulation results, the total setup time is less than 50 
ns including the start-up time of the oscillator (<18 ns at -15 dBm input power) and the 
lock-in time (32 ns -15 dBm input power), allowing 10 MHz pulse rate communication for 
duty-cycling operation. 

 

Figure 3.10: Simulated lock-in time of the injection-locked ring oscillator. Adapted from Paper IV 
[174]. 

3.4.2 Synchronized Pulse Generator and Driver Stage 
The function of the pulse generator is to gate the ILRO’s output by a window signal with 

short duration so that the generated baseband pulse can be used for UWB transmitting. As 
illustrated in Figure 3.11, a low-power synchronized pulse generator is proposed consisting 
of a window generator and a synchronizer. The window generator is used to generate un-
synchronized baseband pulse-like window by delaying-reversing-gating the baseband 
signal. One of the signals passes a tuning delay chain, generating a reversed replica signal 
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with a certain delay. The variable delay is achieved by adjusting the charge current through 
the gate voltage. Then, the two reversed baseband signal then are fed to the NOR gate to 
produce a pulse-like window. The window width is determined by the tuning delay chain, 
which is composed by seven current starved logic gates. In order to relax the synchroniza-
tion between the tag and the reader, a synchronizer is designed to align the window signal 
and the ILRO signal. Hence, the transmitted UWB signal is in-phase with the received UHF 
carrier. The baseband window is sampled on the rising edge of the ILRO’s output. After the 
synchronization, the window width is limited to 2 cycles of the ILRO wave to ensure suf-
ficient bandwidth of the output pulse. 

 

 
Figure 3.11: Timing diagram and block diagram of synchronized pulse generator and driver stage. 
Adapted from Paper V [175]. 

Following the synchronized pulse generator, a driver stage is deployed to drive and shape 
the output signal into UWB pulse. In this work, we use a common-source switched-mode 
stage as drive stage for better-driven capability and energy efficiency. In concert with an 
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external filtering network, the driver stage amplifies and shapes the pulses to comply with 
the FCC regulations. 

 
Figure 3.12: Die photograph of the proposed sub-GHz injection-locking based UWB transmitter. 

 
Figure 3.13: Measured ILRO spectrums under the free running and under injection locking. Adapted 

from Paper V [175]. 

3.5 Experimental Results 
The proposed injection-locking based UWB transmitter is implemented in a standard 0.18 

µm CMOS process with QFN 32 package. The microphotograph of the chip is shown in 
Figure 3.12. The power supply is set to 1 V for low power consumption. Apart from the ESD 
protected pads, it occupies an area of 150 µm × 60 µm thanks to the digital-like architecture.  

Figure 3.13 is the measured spectrum of the ILRO output with and without locking, re-
spectively. When a 900 MHz UHF carrier signal is injected, the ring oscillator noise skirts 
are effectively suppressed, and the output frequency is stabilized to 450 MHz. Figure 3.14 
reports the phase noise of the transmitter with different incoming RF power. With -5 dBm 
input power, the phase noise performance of the ILRO is 84 dBc/Hz at 100 kHz offset and 
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-102 dBc/Hz at 1 MHz offset, respectively. The phase noise is steadily increasing along with 
the decreasing of the injected signal strength, but still at an acceptable level. Once the ILRO 
is running outside of the locking range, the phase noise will be the same as a free-running 
oscillator. 

 
Figure 3.14: Measured phase noise of the proposed ILRO. Adapted from Paper V [175]. 

                 
Figure 3.15: Measured ILRO locking range and 50 times Monte Carlos of ILRO. Adapted from Paper 
V [175]. 

The measurement of the ILRO locking range and 50 times Monte Carlos of the free 
running ILRO in terms of mismatches and process variation is illustrated in Figure 3.15. The 
best sensitivity (minimum input power that can lock ILRO) is recorded at -25 dBm. 21% 
locking range is achieved when -15 dBm UHF carrier signal power is injected. Compared to 
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Monte Carlo simulations, it is evident that the proposed transmitter can cover more than 
90% Monte Carlo corners under the typical sensitivity to power up the tags, ensuring iden-
tical power-up distance and clock-locking distance. 

 
Figure 3.16: Measured setup time of the proposed TX by switching Vdd. Adapted from Paper V [175]. 

 
Figure 3.17: Transient waveform of UWB pulse. Adapted from Paper V [175]. 

The measured setup time (including start-up time and lock-in time.) of the transmitter is 
illustrated in Figure 3.16. The setup time can be estimated based on Vdd switching or Vdata 
switching. Vdata switching will reduce setup time because the capacitive load of the ILRO is 
pre-charged. In this work, however, we are aiming at having lowest power consumption, and 
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thus switching off Vdd can completely turn off the transmitter till the next pulse transmitting. 
As mentioned, the lock-in time is dependent on the injected signal strength. The measured 
maximum setup time is 104 ns with minimum input power (-25 dBm) while the typical setup 
time (-15 dBm power injected) is 50 ns.  Thanks to fast setup time and 100 ns duty cycling, 
the proposed transmitter power is fully scalable up to 10 MHz, with a constant energy 
consumption of 35 pJ/pulse. 

 
Figure 3.18: Transient waveform of UWB pulse. Adapted from Paper V [175]. 

Table 3.1: SUMMARY AND COMPARISON WITH THE STATE OF THE ART 
 This worka [122], JSSC 09 [123], ISSCC 12 [17], JSSC 08 [111], JSSC11 

Technology 180nm 90nm 90nm 90nm 130nm 
Radio 

Technology 
UWB UWB UWB UWB NB 

Modulation OOK BPSK OOK BPSK BPSK 
Topology ILRO DCO FLL PLL ILRO 
Data Rate 5Mb/s 15.6Mb/s 0.85Mb/s 1.3Gb/s  200kb/s  

Output 
Swing (V) 

750mV ~600mV 1V 220mV ~12mV 

Energy per 
bit 

35pJ  40pJ  4.1nJ  126pJ  450pJ  

Modulation OOK BPSK OOK BPSK BFSK 
        a. An off-chip driving inductor and filter is used.     

Figure 3.17 presents the measured time domain waveform of the UWB pulse. The peak to 
peak magnitude of the output pulse is 0.75 V under 1 V power supply. By fast setup time of 
50 ns, the proposed transmitter is power scalable with 35 pJ/pulse energy consumption. To 
be compliant with the FCC regulation, the pulse rate is limited to 5 MHz, corresponding to 
175 µW power consumption for the entire transmitter. The power spectral density (PSD) is 
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shown in Figure 3.18. The -10dB bandwidth of the UWB pulse is 400 MHz, resulting in the 
fractional bandwidth greater than 0.8. 

The performance of the proposed transmitter is summarized and compared with other 
works in Table 3.1. Our design has lowest energy consumption per pulse and relatively high 
peak-to-peak pulse magnitude while providing stable LO frequency for timing and syn-
chronization through wireless injection locking.  

3.6 Summary 

Aiming to provide low power clock generation for the energy-autonomous system, a 
wireless clock harvesting technique is proposed in this chapter. We firstly investigate the 
state-of-the-art of LO generation and discuss the LO design consideration in radio interface 
for wireless sensing. Afterward, the injection locking based wireless clock harvesting 
architecture is proposed. As a case study, a sub-GHz, energy-efficient injection-locking 
based UWB transmitter for RF-harvesting application is presented. The transmitter is 
powered by 900 MHz UHF signals radiated by a reader wirelessly and responds UWB 
pulses by locking-gating-amplifying the sub-harmonic of the UHF signal. The proposed 
transmitter exploits sub-harmonic injection-locking to eliminate complex frequency syn-
thesis circuitry or bulky crystal reference. Thanks to the wireless clock harvesting, the tag 
clock is locked to the reader so as to facilitate the synchronization. The implementation 
results show that the proposed transmitter with wireless clock harvesting has a superior 
performance on energy consumption (35 pJ/pulse), which is a promising solution for en-
ergy-autonomous wireless sensing systems. 
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CHAPTER 4 

SENSOR INTERFACE: ADC-BASED SOLUTION 
AND TIME-DOMAIN SENSING 

Sensor interface is an essential building block for wireless sensing systems. In this chapter, 
both the conventional ADC based solution and time-domain sensing solution will be in-
vestigated. For the ADC-based solution, we will mainly focus on SAR ADC and its system 
level optimization in terms of mismatch, power, and area. Afterward, a time-domain sensing 
technique is proposed to replace the ADC-based sensing solution. While voltage-based 
sensor interface suffers from the reduced supply voltage in highly scaled CMOS technolo-
gies, time-domain sensing takes advantage of the increased timing resolution, improving the 
energy efficiency and decreasing the hardware complexity.  As a case study, a UWB-based 
sensor-to-time transmitter is presented. By adopting time-domain sensing, the sensing 
information is directly extracted and transmitted in the time domain, thanks to high 
time-domain resolution UWB pulses. Related circuit implementation and corresponding 
experimental results are presented. 

4.1 Overview of ADCs for Sensor Interface 
The sensor interface is the primary bridge between the physical world and cyber world. 

The sensing information, such as light, temperature, pressure, vibration, or electricity are 
monitored and outputted as analog voltage or current signal. The ADC, as a core part of the 
sensor interface, converts the analog signal from the sensor into a digital signal for signal 
processing and further data transmission. To meet the requirement for energy-autonomous 
wireless sensing applications, the ADCs typically have a low bandwidth (e.g., 100 Hz to 
serval tens of kHz), a medium to high resolution (e.g., 8 to 14 effective number of bits), and 
ultra-low power consumption (~µW or even lower) [124]. Among the different ADC ar-
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chitectures (i.e., dual-slope, folded, SAR, flash, and sigma-delta), SAR ADC and 
sigma-delta ADC are most promising candidates with sub pJ/s energy consumption for 
ultra-low power applications. Following will review the architecture of the sigma-delta 
ADC and the SAR ADC, as well as a brief comparison in terms of different performance 
parameters. 

4.1.1 Sigma-Delta ADC 
Sigma-delta ADC is an oversampling ADC where the sampling frequency is several times 

higher than the Nyquist-rate (i.e., twice of the signal bandwidth). The purpose of using 
oversampling is to spread out the quantization noise over a wider frequency band so that in 
band noised can be reduced. Theoretically, the maximum signal-to-noise (SNR) by over-
sampling can be obtained as [125]: 

 ( )6 02 1 76 10max . . logSN2 N OS2= + +                               (4.1) 

where OSR is the oversampling ratio (i.e., the ratio between oversampling frequency and 
Nyquist bandwidth). The first term is the SNR due to the N bits quantizer while the OSR 
term is the SNR enhancement from oversampling. The other technique used in sigma-delta 
ADC is noise shaping. Combining with oversampling, it is an efficient method to improve 
the ADC’s resolution. Noise shaping is achieved by embedding a coarse quantizer in a 
negative feedback loop. The noise transfer function reduces the lower in-band frequency 
noise while keeping the noise at high frequency. The technique that combine oversampling 
and noise shaping is commonly known as Sigma-Delta modulation. Figure 4.1 illustrates the 
principle of the oversampling and noise shaping and Figure 4.2 illustrates the basic structure 
of first-order sigma-delta ADC. It consists of a loop filter and a comparator in the forward 
path and a DAC in the feedback path. The signal transfer function follows that of a low-pass 
filter while the noise transfer function follows that of a high-pass filter that pushing the noise 
out of the signal bandwidth. A digital filter follows the sigma-delta modulator, which re-
move the out-of-band noise and decimate the oversampled output data back to the Nyquist 
rate. 

 
Figure 4.1: Principle of (a) oversampling (b) oversampling and noise shaping. 
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Figure 4.2: Basic structure of first-order sigma-delta ADC. 

4.1.2 SAR ADC 
The SAR ADC is recognized as a power-efficient system, thanks to its low circuit com-

plexity (only one comparator in the converter). Different to sigma-delta ADC, the SAR 
ADC is a Nyquist sampling ADC, employing a "binary search" algorithm. Typically, it 
consists of an SAR logic (i.e., a digital finite state machine), a sampling-and-hold (S/H), a 
comparator and a DAC. Figure 4.3 illustrates the basic block diagram of an SAR ADC. For 
each conversion, the input signal is firstly sampled and tracked. Then, the SAR logic sets the 
most significant bit (MSB) bN to 1 and generates corresponding DAC output to VREF /2. A 
comparison is performed to determine whether sampled input voltage is less than or greater 
than the DAC output. Based on the comparison result, the SAR logic will produce the 
current bit and set the next bit bN−1 for the next round comparison. By the way, the "bina-
ry-search" algorithm determines each output bit sequentially from the MSB to the least 
significant bit (LSB) to minimize the difference between the analog input voltage and the 
output of DAC. This process is repeated until all the N bits have been determined and stored 
in the register. 

 
Figure 4.3: Basic structure of SAR ADC. 

The DAC of the SAR ADC can be implemented in either resistive DAC (e.g., resistor string, 
R-2R ladder) or capacitive DAC. Owing to better power-efficiency and matching perfor-
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mance, the capacitive DAC is popular to generate weighted reference voltages. Bellowing 
shows two commonly-used DAC architecture: single binary-weighted array and split bi-
nary-weighted array. 

Vreset

Vref

gnd

VDAC

C0C02C02N-2C02N-1C0

 
Figure 4.4: Structure of single binary-weighted capacitor array. 

 

Vreset

Vref

gnd

VDAC C0C02C02C02M-1C0 C0

CB

2S-1C0

Vreset

M-bit Main DAC S-bit Sub DAC

 
Figure 4.5: Structure of split binary-weighted capacitor array. 

Figure 4.4 illustrates the structure of single binary-weighted capacitor DAC. When con-
version starts, the top plate of the capacitor array is connected to the Vreset for resetting the 
VDAC. The bottom plate of the capacitor array is connected to Vin, allowing the capacitor to 
discharge.  During the conversion, the binary-weighted capacitors are switched to Vref from 
MSB to LSB one by one based on the digital codes, generating a weighted reference voltage. 
The binary-weighted capacitor DAC based SAR ADC has challenges on the chip area, since 
the binary-weighted capacitor array increase exponentially with the number of bits. In order 
to address this problem, the split binary-weighted DAC based SAR ADC has been presented 
[126, 127]. As shown in Figure 4.5, the split binary-weighted DAC has the efficient archi-
tecture to reduce the total number of capacitors in the DACs. It consists of an S-bits 
sub-DAC and an M-bit main DAC. The total number of the bits of the ADC is still N, where 
N=M+S. The bridge capacitor, CB, is inserted between the main DAC and the sub-DAC so 
that the sub-DAC interpolates between transition voltages generated by the main DAC [128]. 
The value of the bridge capacitor will be fractional because the two-capacitor arrays have 
the same scaling. 
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4.1.3 Comparison between SAR ADC and Sigma-delta ADC 
As low power solutions for data converter, both the SAR ADC, and the sigma-delta ADC 

have advantages and disadvantages. Associated with high-order modulator, the sigma-delta 
ADC is easier to achieve high-resolution (e.g., 14 bits) thanks to the oversampling opera-
tion. The feedback loop architecture makes the sigma-delta ADC having the innate ad-
vantage of stability, requiring no special trimming or calibration. The oversampling nature 
of sigma-delta modulator and digital filter relaxes the need of anti-aliasing filter and tend to 
"average out" any system noise at the analog inputs. Recent works on the sigma-delta ADC 
also shows that it is feasible to have high bandwidth (e.g., > 10 MHz) with high resolution 
[129, 130]. However, the sigma-delta ADC needs to trade the additional digital processing, 
e.g., the digital decimation filter. It would be a design challenge in terms of power con-
sumption and chip area [131]. The high resolutions often require a high OSR, thus limits the 
input signal bandwidth under same oversampling frequency. Moreover, sigma-delta ADC 
needs to process multiple samples for each conversion, resulting large cycle latency [132]. 

Table 4.1: Characteristics and Comparison Between Sigma-delta ADC and SAR ADC 
 Sigma-Delta ADC SAR ADC 
Sampling Speed Low speed Low to moderate 
Resolution High Moderate to high  
Power Consumption Low power Ultra-Low Power 
Sensitivity to Device 
Mismatch 

No Yes. Calibration or trimming 
needed 

Latency Cycle latency Zero latency 
 

Although both the sigma-delta ADC and the SAR ADC can measure low-frequency 
signals with high resolution, the SAR ADC exhibits more power saving ability than the 
sigma-delta ADC. The power consumption of an SAR ADC scales with the data rate while 
sigma-delta ADC consumes a fixed amount of power [133]. Comparing to the delta-sigma 
ADC which consumes more power due to higher clock rates, recent researches make the 
SAR ADC possible to be working at sub µW power consumption [134]. Moreover, the SAR 
ADC can be integrated with multiplexers at its input so as to facilitate multichannel sensing 
applications. However, due to the practical issues, the SAR ADC has to face some design 
challenges. It typically requires accurate implementation of the analog components, such as 
resistors, capacitors, and current sources [135]. Any mismatch will lead to the degradation 
of the ADC’s resolution. As an example, the offset of comparator due to the device mis-
matches (e.g., input transistor mismatch or load capacitor mismatch) directly affects the 
resolution of the ADC [136]. For the DAC part, it is common that the linearity of the ADC is 
degraded by the mismatch of the DAC capacitor array [137]. In order to maintain the high 
resolution, trimming or calibration is usually required. Moreover, for N-bits ADC, 2N unity 
capacitors are needed in the DAC capacitive array (in the case of binary-weighted capacitor 
array), which will occupy a large chip size. Therefore, more research efforts and explora-
tions are needed for mismatch aware power and area optimization of SAR ADC. Table 4.1 is 
a brief comparison between the sigma-delta ADC and SAR ADC. 



56 Chapter 4.  Sensor Interface: ADC-based Solution and Time-domain Sensing 

 

 

As we are looking for the lower power solutions for sensor interface, we have limited our 
study to system level optimization of SAR ADC, exploring the trade-off among the mis-
match, power, and area.  

4.2 Mismatch Aware Power and Area Optimization of SAR ADC 
Thanks to the minimal analog active circuits, SAR ADC is widely used in wireless sensor 

interface for its lowest power consumption and moderate speed [138]. The most dominant 
source of power dissipation in the SAR ADCs is the DAC capacitor array [139]. Reducing 
the size of the unity capacitor is the most effective and straightforward way to decrease the 
power dissipation of the capacitor array. On the other hand, matching the capacitors in the 
array is essential to reduce the capacitor mismatch and variation of capacitance ratio. Re-
cently, lots of works have been done by using special generic layout rules and layout 
schemes [140, 141]. However, elaborating the layout design cannot break the performance 
limitation due to the mismatch. Efforts are needed to investigate the performance trade-off 
due to the capacitor mismatch. In this section, the full SNR trade-off including capacitor 
mismatch, area, and power consumption will be investigated. An optimal selection on the 
size of unity capacitor will be given in terms of area, SNR, and consumed energy. 

Typically, there are three operation phases during the conversion: sampling phase, 
holding phase (sometimes can be operated together with sampling phase by S/H circuits) 
and bits cycling phase. The bits of the corresponding digital code are successively resolved 
during the bit cycling phase. The output digital code is updated based on the comparison 
result of Vin and VDAC.  Ideally, the voltage difference Vx between Vin and VDAC can be 
obtained as below (e.g, charge-redistribution ADC) [142]:                           

= − +
+

t
x in ref

t b

CV V V
C C

                                                    (4.2) 

Where Ct is the sum of capacitors connected to Vref, and Cb is the capacitors connected to 
ground. From the Equation 4.2, it is evident that the capacitors variation will directly lead to 
the miscalculation of Vx, thus it increases the bit error rate of the corresponding output 
digital code. Since the capacitors in the array are usually implemented by unity capacitors, 
we will mainly focus on ADC performance degradation due to unity capacitance variation. 

To model the unity capacitance variation, the information of mismatch deviation in terms 
of capacitor area is extracted from foundry statistical data. As illustrated in Figure 4.6, the 
deviation of capacitance mismatches decreases as the area of the capacitor increases. In 
order to analyze the statistical behavior of the DAC, each capacitor can be modeled as the 
sum of the nominal capacitance and an error term, which is shown below [143]: 

                           , δ= +i mean i iC C                                                       (4.3) 
Where Cmean,i is the mean value of the capacitance, δi is the random variable with zero mean 
and a variance of σ2. σ is the standard deviation of the unity capacitance. Considering the 
capacitors in the array are always 2n  times larger than the unity capacitor. The standard 
deviation of any capacitor in the DAC array can be obtained as: 

2 2(2 ) 2 ( ) 2 ( )σ σ σ= =
n

n nX X X                                                (4.4) 
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Figure 4.6: Relationship between capacitor area and standard deviation of the capacitor mismatch. 
Adapted from Paper VI [176]. 

     
Figure 4.7: Monte Carlo simulation of SINAD in terms of capacitor mismatch. Adapted from Paper VI 

[176]. 

Based on Equation 4.3 and 4.4, 100 times Monte Carlo statistical analysis of capacitor 
mismatch for a 12-bits SAR ADC is illustrated in Figure 4.7. Here, 95% probability line 
means that the curve is plotted under the condition of 95% confidence degree. As shown in 
Figure 4.7 it is evident that the signal-to-noise ratio pulse distortion (SINAD) is almost 
constant when the capacitor mismatch within one percent, which means that the SINAD is 
dominated by ADC quantization error rather than capacitor mismatch. As the capacitor 
mismatch is larger than one percent, the SINAD is gradually dominated by the capacitor 
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mismatch and decrease rapidly. To achieve high extensibility for n-bits SAR ADC, the 
Monte Carlo simulation of SINAD versus unity capacitor area and switch energy has been 
widened to 11 bits and 10 bits, as shown in Figure 4.8. Comparing with n bits SAR ADC, 
(n-1) bits SAR ADC will only take up half of the total capacitor area with the same size of 
unity capacitor. If the best optimization of the unity capacitor area is the 3dB inflexion point 
of SINAD, a linear line can be set to satisfy the relationship between optimal C area and the 
number of bits, which is shown in Figure 4.8 with dotted lines.  

 
Figure 4.8: Monte Carlo simulation of SINAD in terms of capacitor mismatch and switch energy for 
different number of bits SAR ADC. Adapted from Paper VI [176]. 

In the practical implementation of the SAR ADC, the SINAD is not only bounded by the 
capacitor mismatch but also the noise. Due to the DAC capacitive array and sampling 
circuit, kT/C noise must be included for a complete SINAD estimation and optimization. 
Similar to the capacitor mismatch, 100 times Monte Carlos of SINAD in terms of kT/C noise 
are employed to obtain the optimal fitting equation for the size of the unity capacitor. The 
simulations results show that the optimal unity capacitor is 34 fF in order to overcome the 
kT/C noise for 12 bits SAR ADC. Details calculation and simulation results can be found in 
the appendix paper.  

Table 4.2: Performance Comparison under Different Unity Capacitor 
Size of Unity Capacitor SINAD Area of Capacitor 

Array 
Switch Energy 

100 fF 71.8 dB 0.41 mm2 138.42pJ 
30 fF 70.35 dB 0.12 mm2 42.5pJ 
5 fF 60.9 dB 0.02 mm2 8.51pJ 

The proposed design methods have been verified with system level simulation and circuit 
level simulations by a 12 bits SAR ADC using a standard 0.18um CMOS technology. In the 
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simulation, the value of the unity capacitor is chosen as 100 fF, 30 fF, and 5 fF. Table 4.2 
shows the performance comparison by using different unity capacitors. As can be seen, due 
to applying the optimization method, the impact from energy efficiency, area and accuracy 
can be greatly balanced by setting the unity capacitor around 30fF. 

4.3 Time-domain Sensing 
In the previous section, we focus on the optimization of SAR ADC to improve the per-

formance of sensor interface, so as to facilitate low power wireless sensing system. How-
ever, only focusing on individual building block is not sufficient to realize fully ener-
gy-autonomous system. More effort should be made from a system perspective [145, 146].  

Let’s go back to the architecture of wireless sensing system. A wireless sensor node 
usually consists of several building blocks, including signal conditioning circuits (i.e., 
sensor interface) that extract sensor information into analog signal, an ADC that convert 
analog signal into digital signal, a baseband modulator (BB) that modulate the digital signal 
to RF signal, and transmitter that emits the RF signal for data transmission. The sensing 
information is always transferred to the digital domain (mostly by the amplitude of the 
voltage) before transmission. Such an architecture inevitably introduces building blocks like 
the ADC and the baseband processor for signal-domain conversion. Although the ADC can 
be implemented with ultra-low power architectures (e.g., SAR ADC), an amount of digital 
bits with sensing information still need to be modulated and transmitted by a power hungry 
transmitter [147, 148]. 

 
Figure 4.9: Block diagrams of the different wireless sensor systems (a) Conventional analog-to-digital 

based system. (b) Proposed time-domain signal based system. 

To address this problem, a UWB based time-domain sensing technique is proposed. The 
system block diagram is illustrated in Figure 4.9. Without any reference clock or an extra 
analog interface, the sensing information is directly extracted and transmitted in time do-
main thanks to the RC interface and the high time-resolution impulse radio. The key concept 
of time-domain sensing is to provide an energy efficient system from a holistic view. In such 
an approach, the RC time-constant interface does not only simplify the sensor interface 
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design but also extract the sensing information into time-domain. We use impulse radio 
UWB transmitter which eliminate the energy burden for radio, meanwhile, it transmits the 
high time-domain resolution signal by pulse interval. Hence, there is no need for any digital 
related building blocks (e.g., ADC, TDC and BB). Taking the advantage of the RC 
time-constant interface and impulse radio, the overall system complexity and power con-
sumption can be greatly reduced. 

4.3.1 Time-domain Signaling 
In this subsection, we will first analyze the theoretical time-domain sensing signaling and 

its performance that derive from practical parameters (e.g., resolution, sampling rate and 
power consumption). Afterward, the proposed UWB-based sensor-to-time transmitter is 
presented. 

 
Figure 4.10: (a) TDS and TDS quantization step.  (b) Probability density of quantization error. Adapted 

from Paper VIII [178]. 

The time-domain signal (TDS) system utilizes time variables to represent the information 
instead of voltage signal or current signal in the conventional sensing system. Since the 
information is represented by time, it naturally has the ability to prevent the voltage-based or 
current-based noise and power supply degradation. In general, the physical variables X can 
be simply represented in time-difference variables as [149]: 

    ( )end intX G G T= Φ −Φ = ∆                                           (4.5)   

where G is the physical-to-time conversion gain, Φint and Φend are the initial and final time of 
an event occurring, respectively. Because the time-different variables ΔT is linear with 
respect to X, the TDS quantization can be obtained by clock Tq, as illustrated in Figure 4.10 
(a). Similar to the stochastic analysis of SNR in traditional ADC, we extend the analysis 
approach to the time domain [131]. In the traditional ADC, the quantization error is modeled 
as a random voltage variable uniformly distributed between ±LSB/2; while in time-domain 
signaling, we assume that the time-domain quantization error Te is uniformly distributed 
between 0 and Tq. As shown in Figure 4.10 (b), the height of the probability density function 
for Te should be equal to 1/ Tq, so that ∫ 𝑓𝑓𝑒𝑒(𝑥𝑥)𝑑𝑑𝑥𝑥 = 1+∞

−∞ . Therefore, the root mean square 
(rms) value of quantization error Te,rms is given by 
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Be aware that the Te,rms is only represented for the single side time-domain quantization 
error. Because the time-domain signal is represented in time-difference variables, the 
quantization error should be considered both at Φint and Φend. Since the Te at Φint and the Te at 
Φint are independent of each other, the total Te,rms will be double-sized which is 2𝑇𝑇𝑞𝑞

√3
.  

Similarly, the root mean square of the input time-domain signal can be estimated by using 
the same method. Assuming that the time-domain signal is uniformly distributed between 0 
and Tref, Tin,rms is given by 
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According to the SNR definition in ADC, the ideal TSNR can be expressed as: 
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By observing Equation 4.8, we can conclude that the ideal TSNR is determined by Tref and 
Tq. In order to obtain higher TSNR, the time reference should be increased and the quanti-
zation clock period should be decreased. 

4.3.2 UWB-based Sensor-to-time Transmitter 

The system architecture and block diagram of the UWB-based sensor-to-time transmitter 
are shown in Figure 4.11. The resistor resolution is simulated based on this system model of 
the proposed UWB-based sensor-to-time transmitter and time quantization receiver. The 
UWB sensing transmitter directly extracts and transmits the resistive sensing information in 
the time domain, while quantizing and converting the time-domain signal to digital signal is 
carried out at the receiver side. The UWB sensing transmitter consists of two parts: a 
time-domain sensing interface and a UWB pulse generator. The sensing interface is based 
on an RC circuit and a time-constant comparator, which measures the discharging time of 
the RC to perform the physical-to-time conversion. The threshold voltage of the 
time-constant comparator is set to be Vsupply/e, so that RC discharging time intervals of the 
comparator output are proportional to resistive sensor value (i.e., 𝛥𝛥𝛥𝛥 = 𝜏𝜏 = 𝐶𝐶𝑅𝑅𝑡𝑡). After 
each measurement, the time intervals are feed to the UWB pulse generator as the baseband 
signal. Thanks to high time-resolution UWB pulses, the UWB pulse generator directly 
transmits the time intervals by several pulses (if the processing gain is 1, only 2 pulses are 
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transmitted for 1 sample). On the receiver side, a time quantization receiver recoveries the 
time-domain signal back to digital signal and estimate the resistor value. It can be realized 
by UWB pulse detector and time-to-digital converter. By given a specific quantization 
clock, the resistor value can be recovered and estimated. 

 
Figure 4.11: System architecture and block diagram of the UWB-based sensor-to-time transmitter. 

Ideally, according to Equation 4.8, any TSNR can be obtained by adjusting time reference 
Tref and quantization time Tq. However, Tq determines the reset clock frequency of the 
time-constant comparator that affects the interface power consumption, and Tref determines 
the sensor sampling rate, i.e., 𝛥𝛥𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑒𝑒 = 𝛥𝛥𝑟𝑟𝑒𝑒𝑟𝑟. Figure 4.12 shows a circuit level simulation on 
sensor sampling rate and interface power consumption as a function of the time resolution. 
While the time resolution is proportional to the sampling rate under different sensor range, 
the interface circuit with high time resolution (< 20 ns) exhibits almost an order of magni-
tude power consuming higher than that with low time resolution (> 200 ns). 

The power estimation of the entire system can consist of two parts: the power 
consumption of sensor interface and the power consumption of transmitter. As shown 
above, the sensor interface power is mainly determined by the time domain resolution (i.e., 
Tq), while the power consumption of the UWB transmitter is proportional to the sampling 
rate, thanks to its power scalability. Therefore, the total power consumption of the entire 
system should be the sum of interface power and transmitter power, which is estimated as 
below: 

total interface transmitter0 0 0= +  

   2interface pulse sample0 0G E 2= + ⋅ ⋅                           (4.9) 
where Epulse is the energy consumption per pulse, Rsample is the sensor sampling rate and 

PG is the pulse processing gain (e.g., if processing gain is 1, only 2 pulses are transmitted 
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per sample). Figure 4.13 plots system power consumption as a function of time resolution 
under different sampling rate. 

       
Figure 4.12: Sensor sampling rate under different sensor range versus time resolution and interface 
power consumption versus time resolution. Adapted from Paper VIII [178]. 

 
Figure 4.13: System power consumption with different sampling rate versus time resolution. Adapted 
from Paper VIII [178]. 

4.4 Circuit Implementation of Time-domain Sensing Transmitter 
RC Based Time-domain Sensing Interface 
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Figure 4.14: Simplified schematic of the time-constant comparator. Adapted from Paper VIII [178]. 

The proposed sensing interface uses the RC discharging approach to realize the physi-
cal-to-time conversion. An external storage capacitor C is used for storing the received RF 
energy and measuring the time-constant discharging time, thus, no extra charging energy is 
needed during the RC charging stage. Simply, the voltage across C during the discharging 
stage is 

( )
t

intV t V e τ
−

= ⋅                                                           (4.10) 

where Vint is the supply voltage and 𝜏𝜏 is the time constant. The discharging time ΔT is 
defined as the time that discharging C from Vint to a threshold voltage VTH, and the VTH is set 
to be Vint/e, the ΔT can be expressed as 

xT C2τ∆ = =                                                            (4.11) 

As can be seen from Equation 4.11, the resistive sensor value is proportional to ΔT, which is 
satisfied with our initial assumption of Equation 4.5. In other words, the sensitive sensor 
value Rx can be estimated by a given ΔT and a fixed C. Figure 4.14 illustrates the simplified 
schematic of the time constant comparator. To reduce the static power consumption, the 
comparator is designed as a regenerative circuit. When CLK is high, Vout+ and Vout− are 
reset to VCC through M5, M8 and two driver inverters M9–M12. When CLK is low, the 
differential pair M1 and M2 compares input signal Vin+ and Vin− and generate voltage a 
difference at the drain node. The voltage difference is then nonlinearly amplified by the 
positive feedback of the latch so that one of the outputs will be forced to VCC and the other 
will be forced to GND according to the comparison result. 

The mismatches of input differential pair and load resistance lead to the offset of the 
comparator. According to [150, 151], the offset can be expressed as: 
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where ∆𝑉𝑉𝑇𝑇𝑇𝑇1,2 is the threshold voltage offset of the differential pair M1 and M2,  (𝑉𝑉𝐺𝐺𝐺𝐺 −
𝑉𝑉𝑇𝑇𝑇𝑇)1,2 is the effective voltage of the input pair,  ∆𝑆𝑆1,2 is the physical dimension mismatch 
between M1 and M2, and ∆𝑅𝑅 is the loading resistance mismatch induced by transistors M5 – 
M8. The second term of equation shows that the offset can be reduced by decreasing (𝑉𝑉𝐺𝐺𝐺𝐺 −
ing (𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇𝑇𝑇)1,2. A biased transistor M4 that cascaded in the circuit can reduce the offset 
error effectively by constraining the biasing current. Moreover, the second term of equation 
is also a signal-dependent dynamic offset, since the effective voltage of the input pair varies 
with the input common-mode voltage. Adding M4 and setting it in the saturation region 
makes the drain current independent to its drain-source voltage. Thus, M4 keeps the effec-
tive voltage of the input pair near constant value when common-mode voltage changes, so 
that the dynamic offset can be also minimized. 

Ultra-low Power UWB Pulse Generator 

The proposed UWB pulse generator is based on filtered combined edge techniques. It 
consists of a baseband pulse generator, a driver amplifier (DA) and an on-chip shaping filter. 
The edge of the time-domain signal propagates through a tuning delay cell to generate a 
reversed delay replica. The baseband pulse generator provides baseband-like pulses in an 
order of hundreds of picoseconds. After 3-stage cascade buffers, the baseband pulse is 
amplified by the DA for a high output swing. A simple standard cell buffer cannot provide 
high peak power with antenna load, resulting in small pulse swing and low power radiation. 
Instead, the DA is configured as a switching-like amplifier to avoid DC biasing. In the case 
where the baseband pulse is a triangular waveform with magnitude near VDD, the output 
resistor and the junction capacitor of Md, rO and CDB can be estimated under saturation 
condition with VGS= 1/2 VDD. Considering the trade-off between the peak drain current and 
the load impedance (rO and CDB), the output transistor is sized to 210 µm resulting in 100 ohm 
output resistance and 80 fF junction capacitance, while limiting maximum ID to 20 mA. 
Finally, the output filter isolates DC of the amplified pulses and shapes the pulses spectrum 
to fit the FCC regulations. The detailed circuit implementation of UWB pulse generator can 
be found in the appendix paper II. 

4.5 Experimental Results of Time-domain Sensing Transmitter 
The proposed UWB-based sensor-to-time transmitter is implemented in a standard 0.18 

μm process and measured under room temperature with 1.8 V power supply. The chip is 
packaged in a 64-lead (QFN) package and mounted on an FR4 PCB. All the RF interfaces 
are connected to SMA connector. Parasitic pad and bonding wires of QFN package are 
calculated and designed as part of the on-chip matching network, thus, only 50Ω transmis-
sion line is used on PCB board for RF signal trace. The transmission line is carefully de-
signed and isolated to ensure the signal integrity. The chip size is 1.5 mm × 1.2 mm included 
ESD protected pads. Figure 4.15 shows the microphotograph of the chip. 

The measurement setup is shown in Figure 4.16. An external storage capacitor and 
resistive sensor are connected to the test board as the RC discharging circuit. In each 
measurement period, the RC time-constant discharging time is measured and corresponding 
UWB pulses with time intervals (i.e., UWB time-domain signal) are generated. The RC 
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discharging waveform and output signal of RC interface is measured by an oscilloscope 
(Lecroy 816ZiA) and the transmitted UWB pulse is evaluated by a spectrum analyzer 
(Rohde & Schwarz FSU). The reset clock and digital control signals are generated from 
waveform generator (Aglient 33250A) and data generator (Tektronix DG2020A), respec-
tively. On the time-quantization receiver side, we reuse our previous work of ED receiver to 
capture the UWB time-domain signal [152]. The minimum integrated window of ED re-
ceiver is 4.4 ns, thus, it will not affect the time resolution. The recovered time-domain signal 
then can be quantitated by the logic analyzer (Agilent TLA621), so that the resistive sensor 
value can be estimated and compare to actual sensor resistance (the actual sensor resistance 
is obtained from FLUKE PM6303A RCL meter).  

 
Figure 4.15: Die microphotograph of 1.5 mm × 1.2 mm proposed tag system. 

 
 

Figure 4.16: Measurement setup of the proposed UWB based sensor-to-time transmitter. 

Figure 4.17 illustrates the transient measurement result of the RC based time-domain 
sensing interface. As a case study, a resistive sensor in the range of 200-1500 Ω is measured. 
Based on the measured discharging time, the corresponding baseband signals (i.e., measured 
time intervals) are generated with a tunable processing gain (PG) (e.g., PG = 5 in this case), 
and feed to the UWB pulse generator directly for TDS transmission. 
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Figure 4.17: Transient result of the RC based time-domain sensing interface. Adapted from Paper VIII 

[178]. 

 
Figure 4.18: Measured resistive sensing transfer characteristic and absolute error after calibration. 
Adapted from Paper VIII [178]. 

Figure 4.18 shows the measured transfer characteristics and absolute error of resistive 
sensor on the average of 20 measurements. The actual sensor resistance is obtained from 
FLUKE PM6303A RCL meter. The quantization step Tq is set to be 100 ns while the sensor 
sampling period is set to be 150 µs (corresponding to 6.67 kHz sampling rate). As shown in 
the figure, applied by the least squares method, the approximation function of the transfer 
characteristic can be estimated as y = 0.9943x + 14.618. It is evident that the approximated 
characteristic has a gain and offset component. The absolute error after offset calibration is 
also shown in Figure 4.18. The average relative error of the approximated characteristic is 
0.42%. Similar to the definition of effective number of resolution bits (ENOB) in IEEE 
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standard [153] and [154], the ENOB of the TDS system can be obtained as 7.7 bits by the 
following expression: 

2 2

rms_error
ENOB log log

ideal_quantization_error
= −TSNR                            (4.13) 

where log2 𝛥𝛥𝑆𝑆𝑇𝑇𝑅𝑅 is the equivalent to the number of bits (N) in ADC, and the ideal rms 
quantization error can be obtained from the Equation 4.6.  

Compare to the ideal TSNR, the circuit measured shows 1.85 bits performance degrada-
tion. The main factors that contribute to the degradation of performance include: 

a. In practical, the sensor sampling period is set to be 150 µs as Tref. However, the 
maximum time of the time-difference variables (i.e., Tref) can hardly reach to 150 µs 
due to additional time overhead such as capacitor charging time and resetting time 
(Therefore, Tsample becomes to  𝛥𝛥𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑒𝑒 = 𝛥𝛥𝑟𝑟𝑒𝑒𝑟𝑟 + 𝛥𝛥𝑜𝑜𝑜𝑜𝑒𝑒𝑟𝑟ℎ𝑒𝑒𝑠𝑠𝑒𝑒). Based on our simulation, 
the total time overhead is approximately 18 µs, resulting in 0.18 bit performance 
degradation. 

b. The time-constant comparator circuit introduces static and dynamic offset error, 
limiting the comparator resolution.  Unlike static error that can be eliminated after 
offset calibration, the dynamic offset affects the time-domain signal resolution and 
thus degrades the system performance. Although several efforts have been made to 
minimize the dynamic error (e.g., increasing the size of the input pair; clamping the 
biasing current), the error could be still in ~mV level. For example, if the worst dy-
namic offset is 10 mV, it will result in 1.17 bits performance degradation.  

c. Drain-source on-resistance and leakage current of switch transistor introduce 
non-idealities to the RC interface. The drain-source on-resistance is serially con-
nected to the resistive sensor while the leakage current of switch transistor will 
pre-discharges leading to the initial voltage slightly lower than the supply voltage. 
Assume Rds_on is the drain-source on-resistance and the initial discharging voltage 
have a degradation factor α, the RC discharging time ΔT can be rewritten as: 
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Compare to Equation 4.11, it shows that the second and third term of the equation is the time 
error that affect the time-domain signal resolution. Here, we focus on the time error of the 
third term, since the second term is a fixed value and can be eliminated after calibration. 
Assuming Rds_on is 150 Ω (W/L=20) and the initial discharging voltage has 0.1% degrada-
tion, the performance degradation will be 0.4 bits. 

The measurement of the transient waveform of UWB pulses is achieved by a 40 GS/s 
real-time oscilloscope (LeCroy WaveMaster 816Zi-A) with 50Ω load impedance, and the 
frequency spectrum is measured by Rohde & Schwarz FSU spectrum analyzer. Figure 4.19   
illustrates the measured power consumption of the UWB pulse generator under different 



4.5  Experimental Results of Time-domain Sensing Transmitter 69 
 

 

pulse repetition frequency (PRF). As can be seen, the proposed transmitter is fully pow-
er-scalable with the help of zero DC power baseband pulse generator and driver amplifier. 
Under different PRF (i.e., up to 50 MHz), a constant energy consumption of 18 pJ/pulse can 
be achieved. The transient waveform of the transmitted pulse is presented in Figure 4.20. 
The peak to peak magnitude is 1.27 V and the radiated energy is 1.47 pJ, corresponding to 
8.2% energy efficiency. The power spectral density (PSD) of transmitted pulses at 1MHz 
pulse rate is illustrated in Figure 4.21. The -10dB bandwidth of the UWB pulse is 2.1 GHz, 
resulting in the fractional bandwidth greater than 0.5. 

 
Figure 4.19: Measured power of UWB pulse generator under different pulse repetition frequency. 
Adapted from Paper VIII [178]. 

 
Figure 4.20: Transient waveform of the UWB pulse. Adapted from Paper VIII [178].      
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Figure 4.21: Measured PSD of the transmitted UWB pulses. Adapted from Paper VIII [178]. 

 
Figure 4.22: (a) TX Monte Carlos under FF corner. (b) TX Monte Carlos under TT corner. (c) TX 

Monte Carlos under SS corner.            
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The sensitivity of output UWB pulses to voltage, temperature, and device mismatch 
variation is further provided as above. The signal bandwidth is almost stable within 3-5 GHz 
while the pulse swing suffers from the PVT variation. Figure 4.22 shows 50 times Monte 
Carlos of UWB pulse swing in terms of mismatch and process variation under different 
corners (FF, TT and SS). 

 
Figure 4.23: (a) UWB pulse swing vs temperature variation. (b) UWB pulse swings vs power supply 
variation.                         

Figure 4.23 shows the sensitivity of power supply and temperature variation. The temper-
ature range is selected from -20 ℃ to 40 ℃, while the power supply varies from 1.6 V to 2.0 
V. The system performance is summarized and compared with other works in Table 4.3. The 
overall energy consumption of conversion-and-transmission per sample is measured to be 
0.58 nJ. 

4.6 Summary 
In this chapter, we have investigated the different sensor interface techniques for the 

wireless sensing system, including ADC-based solution and time-domain sensing. For the 
traditional ADC-based solution, the full SNR trade-off including capacitor mismatch, area, 
and power consumption are explored on the system level. Based on Monte Carlos, an 
optimal selection on the size of the unit capacitor is given in terms of area, SINAD, con-
sumed energy and noise. For the time-domain sensing, a UWB-based sensor-to-time 
transmitter is proposed. The sensing information is directly extracted and transmitted in the 
time domain, exploiting high time-domain resolution UWB pulses. This approach elimi-
nates the need of ADC and baseband blocks of sensor tags, meanwhile, it reduces the 
number of bits to be transmitted for energy saving. The implementation results demonstrate 
that the proposed system outperforms existing solutions in system energy efficiency of 
conversion-and-transmission, which is favorable to RF-powered wireless sensing applica-
tions. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORKS  

5.1 Thesis Summary 

Sensing and communication under constrained energy are the key enablers to push the 
micro wireless devices to small, smart and energy-autonomous, and facilitate various IoT 
applications. Joint efforts in developing innovative architectures and circuit techniques are 
expected for highly energy-efficient systems. In this dissertation, we explore low power 
circuits and systems for micropower wireless sensing in the context of IoTs, with a special 
focus on radio interface and sensor interface. For the radio interface, we design and im-
plement UHF/UWB radio including IR-UWB transmitter for tags and UHF/UWB trans-
ceiver for readers. We also introduce wireless clock harvesting technique to address the LO 
generation issue for low power radio interface. For the sensor interface, a time-domain 
wireless sensing solution is explored and a UWB based sensor-to-time transmitter is 
designed and implemented. 

The investigation and implementation of UHF/UWB hybrid radio interface are 
introduced in Chapter 2. It uses conventional UHF signal to power up and inventory the tag 
while the tag responds the reader using an active UWB transmitter. Such solution allows 
UWB transmissions in a passive RFID system. The active UWB transmitter is utilized by a 
filtered-edge-combiner topology. The edge-combiner solution takes the advantage of the 
carrier-less transmitter with all digital-like circuits, which is suitable for ultra-low power 
applications. To enhance the operation range of the hybrid radio, a 3-5 GHz power scalable 
and high pulse swing UWB transmitter is designed and implemented for high energy effi-
ciency. The efforts on zero DC power baseband pulse generator, switching driver amplifier 
and package co-designed output shaping filter made the proposed transmitter have an energy 
consumption of  18 pJ/pulse under a 1.8 V power supply. The measured pulse swing is 1.27 
V and the radiated energy is 1.47 pJ, corresponding to 8.2% energy efficiency. On the other 
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hand, an asymmetric UHF/UWB transceiver is implemented for the reader. The OOK/PPM 
IR-UWB receiver based on energy detection scheme is designed with up to 33 Mb/s data 
rate. The UHF transmitter is designed to support 160 kb/s ASK modulated data. The power 
consumption of the entire transceiver is 21.5 mW. The front-end exhibits a noise figure of 
8.5 dB and S11 < -9.6 dB, while has a -99 dBm normalized sensitivity with 0.5 pJ/bits. The 
implementation results show that the UHF/UWB hybrid radio is a promising interface 
solution for energy-efficient wireless sensing system. 

Chapter 3 addresses the design issue of LO generation in radio interface for wireless 
sensing. In short range radios, the LO generator tends to dominate the overall system power 
consumption. The large overhead of LO setup makes transmitter difficult to maintain its 
energy efficiency. Aiming to ultra-low power, fast start-up time and robustness to PVT 
variation, the wireless clock harvesting is proposed. The LO clock is extracted from an RF 
narrowband carrier by introducing the carrier into an ILO as an external reference. With this 
approach, frequency uncertainty from PVT variations (e.g., free running oscillator) can be 
effectively suppressed by locking to the wireless reference, while maintaining low power 
consumption. Also, the conventional bulky reference (e.g., crystal) is eliminated so that the 
system integration cost can be reduced. As a case study, a sub-GHz UWB transmitter with 
wireless clock harvesting is presented for RF-powered applications. The transmitter is 
powered by 900 MHz UHF signals radiated by a reader wirelessly and responds UWB 
pulses by locking-gating-amplifying the sub-harmonic of the UHF signal. Since the LO of 
the tag is wirelessly locked to the reader, it also so facilitates the reader-to-tag synchroni-
zation. The measurement results illustrate that the ILO has 21 locking range under -15 dBm 
injection power without any extra amplifier, ensuring stable oscillation frequency to against 
the PVT variation. Owing to the fast setup time (< 50 ns at -15 dBm input power) and 
aggressively duty cycling architecture, the proposed transmitter is power-scalable with 35 
pJ/pulse energy consumption. 

Finally, an ADC-less sensing technique is presented in Chapter 4, named as time-domain 
sensing. While voltage-based sensor interface (e.g., ADC-based solution) suffers from the 
reduced supply voltage and voltage swing in highly scaled CMOS technologies, 
time-domain sensing can benefit from the increased timing resolution, reducing the system 
complexity and improving the energy efficiency. To proof the time-domain sensing concept, 
a UWB based sensor-to-time transmitter is proposed with radio-sensing interface co-design. 
Exploiting the RC time-constant readout circuits and high time-domain resolution UWB 
pulses, the sensor information can be extracted and transmitted in the pure time domain. It 
provides simple system architecture by eliminating ADCs and baseband building blocks. 
The number of transmitted bits (pulses) can be reduced so that increasing the overall system 
energy efficiency (conversion-and-transmission). The proposed time-domain transmitter is 
designed and implemented in 0.18 μm CMOS process. With a measurement of 200-1500 Ω 
resistive sensor, the proposed system exhibits 7.7 bits ENOB with an average relative error 
of 0.42%. The overall energy consumption of conversion-and-transmission per sample is 
measured to be 0.58 nJ with 1.27 Vp-p pulse amplitude, which is favorable to ener-
gy-autonomous wireless sensing applications.  
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5.2 Future Work 
Based on the findings and results in this dissertation, it is clear to say that 1) reducing the 
amount of raw data (number of bits) to be transmitted; 2) minimizing the energy consump-
tion per bit for transmission; and 3) increasing the total available energy from surroundings 
are the most effectively approaches to truly energy-autonomous system. Therefore, some 
research directions are suggested as below: 

• Lossy-compression based wireless sensing: Currently, most efforts focus on how to 
reduce the system energy consumption instead of reducing the number of bits to be 
transmitted. In other words, most of the wireless sensing system uses the Shan-
non-Nyquist sampling theorem for sensing and transmission, while hardware im-
plementation is utilized by ADC-based solution. Even for the proposed 
time-domain sensing system, the numbers of transmitted bits are only reduced in 
RF part, not in the sensor front-end. Therefore, it becomes difficult to bridge the 
gap between restricted power budget and sustained growth of the sensing data. For 
example, with a 100 µW power budget (for RF or photovoltaic-harvesting), the 
maximum data acquisition-and-transmission rate is less than 100 kS/s if consid-
ering that the state-of-the-art of RF transmitter only exhibits ~nJ/bit level ener-
gy-efficiency [159]. Compressed sensing (CS), or compressed sampling, is an al-
ternative paradigm to existing wireless sensing architecture and Shannon’s theo-
rem, which has shown significant potentials on sensing data compression. It has 
been preliminary used in imaging processing and biomedical applications [160, 
161]. The core idea of CS is performed as “directly acquire just the important 
information about the object of interest.”[162]. It enables far fewer data samples 
than Nyquist sampling required and compresses the data just like baseband coding. 
Taking advantage of signal sparsity and incoherent sampling, the information can 
be captured, transmitted and recovered from incomplete measurements. 

• Miniaturized hybrid radio: It could be treated as an extension work of the current 
UHF/UWB hybrid radio solutions. One of the improvements could be on hardware 
integration between UWB and UHF transceivers. For example, the UWB pulses 
can be transmitted by the narrowband antenna, while the narrowband receiver de-
tector can be used for UWB signal receptions. Harmonic UWB radio system may 
be a research direction for the hybrid radio integration [163]. The spectrum of the 
harmonic UWB signal is not allocated as in the conventional IR-UWB signal. In-
stead, the signal bandwidth is divided into several frequency sections while each 
section of the frequency is an integer multiple of the lowest frequency section. The 
total bandwidth of the harmonic signal may still spread over several GHz to be 
complaint with UWB signal definition. The architecture of the harmonic UWB 
transmitter is similar to the IR-UWB transmitter, but the traditional UWB antenna 
is replaced by a half-wave dipole narrowband antenna. Thanks to the periodic 
impedance response of the half-wave dipole antenna (i.e., to a specified length of a 
dipole antenna, the input impedance will vary periodically according to the 
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wavelength or frequency), it can also be used for harmonic UWB transmission.  On 
the UWB receiver side, each frequency section of the harmonic UWB signal can be 
received by the conventional narrowband receiver, since the spectrum of each 
frequency section is quite similar to the narrowband signal. By this method, the 
harmonic UWB receiver can fully reuse the narrowband receiver with additional 
section selection filter, delay cells, and combiners. 

• Ambient RF Energy Harvesting: In this thesis, we mainly focus on the sensor and 
radio interface for RF-powered wireless sensing system. However, in order to be 
full energy autonomous, the energy should be harvested from an ambient source 
instead of a dedicated source (e.g., digital TV, mobile and WLAN signals). The 
main challenge of employing ambient RF harvester is that the ambient RF levels 
are much lower than those that can be provided by a dedicated source. It is inter-
esting to explore new techniques for developing ambient RF harvester. For in-
stance, with the help of Large-Area-Electronics techniques, the energy harvester 
rectenna can be implemented on polymer and paper instead of area-constrained 
PCB board. The large allowable area on the package could increase antenna sen-
sitivity and thus improve the harvesting efficiency. Moreover, adaptive matching 
and power conversion techniques of multi-band energy harvester should be con-
sidered. As the ambient RF signals change their frequency and power strength, it is 
preferable to have an adaptive matching network between antenna and rectifier to 
ensure the conversion efficiency. 

 



 
77 

 

 
 

BIBLIOGRAPHY 

 

  

[1] The Internet of Things – Strategic Research Roadmap, CERP-IoT,2011. [Online]. 
http://www.internet-of-things research.eu/pdf/ IoT_Cluster_Strategic_Research_ 
Agenda_2011.pdf 

[2] J. Kahn, R. Katz, and K. Pister, “Next century challenges: Mobile networking for 
‘smart dust’,” in ACM/IEEE international conference on Mobile Computing and 
Networking, pp. 271-278, Aug. 1999. 

[3] D. Puccinelli and M. Haenggi, “Wireless sensor networks: applications and 
challenges of ubiquitous sensing,” Circuits and Systems Magazine, IEEE, vol.5, 
no.3, pp.19-31, 2005. 

[4] E. Aarts and R. Roovers, “IC design challenges for ambient intelligence,” in Design, 
Automation and Test in Europe Conference and Exhibition, pp. 2-7, 2003. 

[5] M. Verhelst and W. Dehaene, Energy Scaleable Radio Design for Pulsed UWB 
Communication and Ranging, Springer, 2009. 

[6] Specialized Devices Promise Greater Clarity in Evolving IoT Vision, Mouser 
Electronics, 2015. [Online]. 
http://eu.mouser.com/publicrelations_techarticle_evolving_iot_vision_2015final/ 

[7] R. Khan, S.U. Khan, R. Zaheer, and S. Khan, “Future Internet: The Internet of 
Things Architecture, Possible Applications and Key Challenges,” in Frontiers of 
Information Technology (FIT), 2012 10th International Conference on, pp.257-260, 
Dec. 2012. 



78 BIBLIOGRAPHY 
 

 

[8] L. Atzori, A. Iera, and G. Morabito, “The Internet of Things: A Survey,” Computer 
Networks, Elsevier, 2010.  

[9] J.M. Rabaey, J. Ammer, T. Karalar, Suetfei Li, B. Otis, M. Sheets, and T. Tuan, 
“PicoRadios for wireless sensor networks: the next challenge in ultra-low power 
design,” in Solid-State Circuits Conference, 2002. Digest of Technical Papers. 
ISSCC. 2002 IEEE International, vol. 1, pp. 200-201 vol.1, Feb. 2002. 

[10] L.R. Zheng, M.B. Nejad, Z. Zou, D.S. Mendoza, Z. Zhang, H. Tenhunen, “Future 
RFID and Wireless Sensors for Ubiquitous Intelligence,” in NORCHIP, 2008, 
pp.142-149, Nov. 2008. 

[11] S. Roudy, P. Wright, and J. Rabaey, “A study of low level vibrations as a power 
source for wireless sensor nodes,” in Computer Communications, vol. 26,  no. 11, 
pp. 1131-1144, 2003.  

[12] Jun Yin, Jun Yi, M. K Law, Yunxiao Ling, Man Chiu Lee, Kwok Ping Ng, Bo Gao, 
H. C Luong, A. Bermak, Mansun Chan, Wing-Hung Ki, Chi-Ying Tsui, and M. 
Yuen, “A System-on-Chip EPC Gen-2 passive UHF RFID tag with embedded 
temperature sensor,” Solid-State Circuits, IEEE Journal of, vol. 45, no. 11, pp. 
2404–2420, Nov. 2010. 

[13] A. P. Sample, D. J Yeager, P. S. Powledge, A. V. Mamishev, and J. R Smith, 
“Design of an RFID-based battery-free programmable sensing platform,” 
Instrumentation and Measurement, IEEE Transactions on, vol. 57, pp. 2608–2615, 
Nov. 2008.  

[14] D. Dardari, R. D’Errico, C. Roblin, A. Sibille, and M. Z Win, “Ultrawide bandwidth 
RFID: the next generation?” Proceedings of the IEEE, vol. 98, no. 9, pp. 1570–1582, 
September 2010. 

[15] P.V. Nikitin and K.V.S. Rao, “Performance limitations of passive UHF RFID 
systems,” in Antennas and Propagation Society International Symposium 2006, 
IEEE, pp. 1011-1014, Jul. 2006.  

[16] Joonsung Bae, Kiseok Song, Hyungwoo Lee, Hyunwoo Cho, Long Yan, and 
Hoi-Jun Yoo, “A 0.24-nJ/b Wireless Body-Area-Network Transceiver With 
Scalable Double-FSK Modulation,” Solid-State Circuits, IEEE Journal of, vol.47, 
no.1, pp.310-322, January 2012. 

[17] M. Demirkan and R.R. Spencer, “A Pulse-Based Ultra-Wideband Transmitter in 
90-nm CMOS for WPANs,” Solid-State Circuits, IEEE Journal of, vol. 43, no. 12, 
pp. 2820-2828, December. 2008. 

[18] N. Codega, P. Rossi, A. Pirola, A. Liscidini, and R. Castello, “A Current-Mode, Low 
Out-of-Band Noise LTE Transmitter With a Class-A/B Power Mixer,” Solid-State 



BIBLIOGRAPHY 79 
 

 

Circuits, IEEE Journal of, vol. 49, no. 7, pp. 1627-1638, Jul. 2014. 

[19] A. Annema, B. Nauta, R. Van Langevelde, and H. Tuinhout, “Analog Circuits in 
Ultra-Deep-Submicron CMOS,” Solid-State Circuits, IEEE Journal of, vol. 40, pp. 
132-143, Jan. 2005. 

[20] G. W. Roberts and M. Ali-Bakhshian, “A Brief Introduction to Time-to-Digital and 
Digital-to-Time Converters,” Circuits and Systems II: Express Briefs, IEEE 
Transactions on, vol. 57, pp. 153-157, Mar. 2010. 

[21] M.M. Shulaker, J. Van Rethy, G. Hills, Hai Wei, Hong-Yu Chen, G. Gielen, H.-S.P. 
Wong, and S. Mitra, “Sensor-to-Digital Interface Built Entirely With Carbon 
Nanotube FETs,” Solid-State Circuits, IEEE Journal of, vol. 49, pp. 190-201, Jan. 
2014. 

[22] J. Van Rethy, H. Danneels, and G. Gielen, “Performance analysis of energy-efficient 
BBPLL-based sensor-to-digital converters,” Circuits and Systems I: Regular 
Papers, IEEE Transactions on,  vol. 60, no. 8, pp. 2130–2138, Aug. 2013. 

[23] Zhuo Zou, Botao Shao, Qin Zhou, Chuanying Zhai, Jia Mao, M. Baghaei-Nejad, 
Qiang Chen, and Lirong Zheng, “Design and demonstration of passive UWB RFIDs: 
Chipless versus chip solutions,” in RFID-Technologies and Applications 
(RFID-TA), 2012 IEEE International Conference on, pp.6-11, Nov. 2012. 

[24] M.B. Nejad, D.S. Mendoza, Z. Zou, S. Radiom, G. Gielen, L.R. Zheng, and H. 
Tenhunen, “A remote-powered RFID tag with 10Mb/s UWB uplink and −18.5dBm 
sensitivity UHF downlink in 0.18μm CMOS,” in Solid-State Circuits Conference, 
2009. ISSCC 2009. Digest of Technical Papers. IEEE International,  pp. 198-199, 
Feb. 2009. 

[25] R.K. Dokania, X.Y. Wang, S.G. Tallur, and A.B. Apsel, “A Low Power Impulse 
Radio Design for Body-Area-Networks,”Circuits and Systems I: Regular Papers, 
IEEE Transactions on, vol.58, no. 7, pp. 1458-1469, Jul. 2011. 

[26] Zuo Zhou, “Impulse Radio UWB for the Internet-of-Things: A Study on UHF/UWB 
Hybrid Solution,” Ph.D. thesis, Royal Institute of Technology (KTH), 2011. 
 
Chapter 2 

[27] J. Masuch, and M. Delgado-Restituto, “A 1.1mW RX -81.4 dBm Sensitivity CMOS 
Transceiver for Bluetooth Low Energy,” Microwave Theory and Techniques, IEEE 
Transactions on, vol. 61, no. 4, pp.1660-1673, Apr. 2013. 

[28] Zhicheng Lin, P.-I. Mak, and R.P. Martins, “A Sub-GHz Multi-ISM-Band ZigBee 
Receiver Using Function-Reuse and Gain-Boosted N-Path Techniques for IoT 
Applications,” Solid-State Circuits, IEEE Journal of, vol. 49, no. 12, pp. 2990-3004, 



80 BIBLIOGRAPHY 
 

 

Dec. 2014. 

[29] M. Siekkinen, M. Hiienkari, J.K. Nurminen, and J. Nieminen, “How low energy is 
bluetooth low energy? Comparative measurements with ZigBee/802.15.4,” in 
Wireless Communications and Networking Conference Workshops (WCNCW), 2012 
IEEE, pp. 232-237, Apr. 2012.  

[30] Carles Gomez, Joaquim Oller, and  Josep Paradells, “Overview and Evaluation of 
Bluetooth Low Energy: An Emerging Low-Power Wireless Technology,” Sensors 
2012, vol. 12, no. 9, pp. 1734-1175, Aug. 2012. 

[31] Specification of the Bluetooth System, Covered Core Package, Version: 4.0, The 
Bluetooth Special Interest Group: Kirkland, WA, USA, 2010. 

[32] J. Zheng and A. Jamalipour, “Sensor Network Standards,” Wireless Sensor Net-
works: A Networking Perspective, Wiley-IEEE Press, pp.407-431, 2009. 

[33] O.U. Khan and D.D. Wentzloff, “8.1 nJ/b 2.4 GHz Short-Range Communication 
Receiver in 65 nm CMOS,” Circuits and Systems I: Regular Papers, IEEE Trans-
actions on, vol. 62, no. 7, pp. 1854-1862, Jul. 2015. 

[34] Shahin Farahani, ZigBee Wireless Networks and Transceivers, Burlington, MA, 
Elsevier Ltd., 2008.  

[35] Shuo Guo, Liang He, Yu Gu, Bo Jiang, and Tian He, “Opportunistic Flooding in 
Low-Duty-Cycle Wireless Sensor Networks with Unreliable Links,” Computers, 
IEEE Transactions on, vol. 63, no. 11, pp. 2787-2802, Nov. 2014. 

[36] Jason Ellis, and Clint McClellan, System and method of monitoring users during an 
interactive activity, U.S. Patents 20090292178 A1, Qualcomm Incorporated, 2008. 

[37] Yuanjin Zheng, Yao Zhu, Chyuen-Wei Ang, Yuan Gao, and Chun-Huat Heng, “A 
3.54 nJ/bit-RX, 0.671 nJ/bit-TX Burst Mode Super-Regenerative UWB Transceiver 
in 0.18 µm CMOS,” Circuits and Systems I: Regular Papers, IEEE Transactions on, 
vol. 61, no. 8, pp. 2473-2481, Aug. 2014. 

[38] J.L. Bohorquez, A.P. Chandrakasan, and J.L. Dawson, “A 350 µW CMOS MSK 
Transmitter and 400 µW OOK Super-Regenerative Receiver for Medical Implant 
Communications,” Solid-State Circuits, IEEE Journal of, vol. 44, no. 4, pp. 
1248-1259, Apr. 2009. 

[39] Yao-Hong Liu, C. Bachmann, Xiaoyan Wang, Yan Zhang, Ao Ba, B. Busze, Ming 
Ding, P. Harpe, G.-J. van Schaik, G. Selimis, H. Giesen, J. Gloudemans, A. Sbai, Li 
Huang, H. Kato, G. Dolmans, K. Philips, and H. de Groot, “13.2 A 3.7mW-RX 
4.4mW-TX fully integrated Bluetooth Low-Energy/IEEE802.15.4/proprietary SoC 
with an ADPLL-based fast frequency offset compensation in 40nm CMOS,” 
in Solid-State Circuits Conference, 2015. ISSCC 2015. Digest of Technical Papers. 



BIBLIOGRAPHY 81 
 

 

IEEE International, pp. 1-3, Feb. 2015. 

[40] A. Wong, M. Dawkins, G. Devita, N. Kasparidis, A. Katsiamis, O. King, F. Lauria, 
J. Schiff, and A. Burdett, “A 1V 5mA multimode IEEE 802.15.6/bluetooth 
low-energy WBAN transceiver for biotelemetry applications,” in Solid-State Cir-
cuits Conference Digest of Technical Papers (ISSCC), 2012 IEEE International , 
pp.300-302, Feb. 2012. 

[41] J. Rabaey, M. Ammer, J. da Silva, J. L., D. Patel, and S. Roundy, “Picoradio 
supports ad hoc ultra-low power wireless networking,” IEEE Computer, vol. 33, pp. 
42–48, July 2000. 

[42] R. Want, “An introduction to RFID technology,” IEEE Pervasive Computing, vol. 5, 
no. 1, pp. 25-33, Mar. 2006. 

[43] P. Van Etten, “The Present Technology of Impulse Radars,” in Proceeding of  
International Radar Conference, pages. 535–539, Oct. 1977. 

[44] F. C. C., “Revision of part 15 regarding ultra-wideband transmission systems.” First 
Report and Order, ET Docket, 98–153, FCC 02-48, adopted Feb. 2002, released 
Apr. 2002. 

[45] M. Pelissier, J. Jantunen, B. Gomez, J. Arponen, G. Masson, S. Dia, J. Varteva, and 
M. Gary, “A 112 Mb/s Full Duplex Remotely-Powered Impulse-UWB RFID 
Transceiver for Wireless NV-Memory Applications,” Solid-State Circuits, IEEE 
Journal of, vol. 46, no. 4, pp. 916-927, Apr. 2011. 

[46] N. Sasaki, K. Kimoto, W. Moriyama, and T. Kikkawa, “A Single-Chip 
Ultra-Wideband Receiver With Silicon Integrated Antennas for Inter-Chip Wireless 
Interconnection,” Solid-State Circuits, IEEE Journal of, vol. 44, no. 2, pp. 382-393, 
Feb. 2009. 

[47] D. Morche, G. Masson, S. de Rivaz, F. Dehmas, S. Paquelet, A. Bisiaux, O. 
Fourquin, J. Gaubert, and S. Bourdel, “Double-Quadrature UWB Receiver for 
Wide-Range Localization Applications With Sub-cm Ranging Precision,” 
Solid-State Circuits, IEEE Journal of, vol. 48, no. 10, pp. 2351-2362, Oct. 2013. 

[48] Yanjia Luo and C.L. Law, “Indoor Positioning Using UWB-IR Signals in the 
Presence of Dense Multipath with Path Overlapping,” Wireless Communications, 
IEEE Transactions on, vol. 11, no. 10, pp. 3734-3743, Oct. 2012. 

[49] B. Vigraham and P.R. Kinget, “A Self-Duty-Cycled and Synchronized UWB 
Pulse-Radio Receiver SoC With Automatic Threshold-Recovery Based 
Demodulation,” Solid-State Circuits, IEEE Journal of, vol. 49, no. 3, pp. 581-594, 
Mar. 2014. 

[50] J.F.M. Gerrits, J.R. Farserotu, and J.R. Long, “Low-Complexity Ultra-Wide-Band 



82 BIBLIOGRAPHY 
 

 

Communications,” Circuits and Systems II: Express Briefs, IEEE Transactions on, 
vol. 55, no. 4, pp. 329-333, Apr. 2008. 

[51] Cemin Zhang, M.J. Kuhn, B.C. Merkl, A.E. Fathy, and M.R. Mahfouz, “Real-Time 
Noncoherent UWB Positioning Radar With Millimeter Range Accuracy: Theory 
and Experiment,” Microwave Theory and Techniques, IEEE Transactions on, vol. 
58, no. 1, pp. 9-20, Jan. 2010. 

[52] O.Z. Batur, E. Akdag, H.K. Akkurt, A. Oncu, M. Koca, and G. Dundar, “An Ultra 
Low-Power Dual-Band IR-UWB Transmitter in 130-nm CMOS,” Circuits and 
Systems II: Express Briefs, IEEE Transactions on, vol. 59, no. 11, pp. 701-705, Nov. 
2012. 

[53] Z. Zou, M.B. Nejad, H. Tenhunen, and L.R. Zheng, “An Efficient Passive RFID 
System for Ubiquitous Identification and Sensing Using Impulse UWB Radio,” E+I 
Journal of OVE, Special Issue on RFID, SpringerJournal, vol. 124, no. 11, pp. 
397-403, Dec. 2007. 

[54] W. Hirt, “The European UWB Radio Regulatory and Standards Framework: 
Overview and Implications,” in Ultra-Wideband, 2007. ICUWB 2007. IEEE 
International Conference on, pp.733-738, 24-26 Sep. 2007. 

[55] D.D. Wentzloff and A.P. Chandrakasan, “A 47pJ/pulse 3.1-to-5GHz All-Digital 
UWB Transmitter in 90nm CMOS,” in Solid-State Circuits Conference, 2007. 
ISSCC 2007. Digest of Technical Papers. IEEE International, pp.118-591, Feb. 
2007. 

[56] Youngmin Park and D.D. Wentzloff, “An All-Digital 12 pJ/Pulse IR-UWB Trans-
mitter Synthesized From a Standard Cell Library,” Solid-State Circuits, IEEE 
Journal of, vol. 46, no. 5, pp. 1147-1157, May. 2011. 

[57] Shengxi Diao, Yuanjin Zheng, and Chun-Huat Heng, “A CMOS Ultra Low-Power 
and Highly Efficient UWB-IR Transmitter for WPAN Applications,” Circuits and 
Systems II: Express Briefs, IEEE Transactions on, vol. 56, no. 3, pp. 200-204, Mar. 
2009. 

[58] Jingjing Xia, C.L. Law, Yuan Zhou, and Kee Siang Koh, “3–5 GHz UWB Impulse 
Radio Transmitter and Receiver MMIC Optimized for Long Range Precision 
Wireless Sensor Networks,” Microwave Theory and Techniques, IEEE Transactions 
on, vol. 58, no. 12, pp. 4040-4051, Dec. 2010. 

[59] Jeongwoo Han and Cam Nguyen, “On the development of a compact 
sub-nanosecond tunable monocycle pulse transmitter for UWB applications,” Mi-
crowave Theory and Techniques, IEEE Transactions on, vol. 54, no. 1, pp. 285-293, 
Jan. 2006. 



BIBLIOGRAPHY 83 
 

 

[60] A. Kheirdoost, G. Moradi, E. Elkholy, A. Abdipour, and A.E.Fathy, “Modeling and 
Jitter Improvement of SRD-Based Ultra-Wideband Pulse Generator,” Microwave 
Theory and Techniques, IEEE Transactions on, vol. 62, no. 8, pp. 1736-1747, Aug. 
2014. 

[61] S. Bourdel, Y. Bachelet, J. Gaubert, R. Vauche, O. Fourquin, N. Dehaese, and H. 
Barthelemy, “A 9-pJ/Pulse 1.42-Vpp OOK CMOS UWB Pulse Generator for the 
3.1–10.6-GHz FCC Band,” Microwave Theory and Techniques, IEEE Transactions 
on, vol. 58, no. 1, pp. 65-73, Jan. 2010. 

[62] O.Z. Batur, E. Akdag, H.K. Akkurt, A. Oncu, M. Koca, and G. Dundar, “An Ultra 
Low-Power Dual-Band IR-UWB Transmitter in 130-nm CMOS,” Circuits and 
Systems II: Express Briefs, IEEE Transactions on, vol. 59, no. 11, pp. 701-705, Nov. 
2012. 

[63] K. Marsden, H.-J. Lee, D. Ha, and H.-S. Lee, “Low power CMOS re-programmable 
pulse generator for UWB systems,” IEEE Ultra-Wideband System Technology 
Conference, pp. 443–447, Nov. 2003. 

[64] B. Razavi, RF Microelectronics, 2rd ed., University of California, L.A.: Pearson 
Education, Inc., 2012. 

[65] Jia-shen G. Hong, M. J. Lancaster, Microstrip Filter for RF/Microwave 
Applications, New York, N.Y.: John Wiley & Sons, Inc., 2001. 

[66] Changhui Hu, R. Khanna, J. Nejedlo, Kangmin Hu, Huaping Liu, and P.Y. Chiang, 
“A 90 nm-CMOS, 500 Mbps, 3–5 GHz Fully-Integrated IR-UWB Transceiver With 
Multipath Equalization Using Pulse Injection-Locking for Receiver Phase Syn-
chronization,” Solid-State Circuits, IEEE Journal of, vol. 46, no. 5, pp. 1076-1088, 
May. 2011. 

[67] Kin Keung Lee and T.S. Lande, “A Wireless-Powered IR-UWB Transmitter for 
Long-Range Passive RFID Tags in 90-nm CMOS,” Circuits and Systems II: Express 
Briefs, IEEE Transactions on, vol. 61, no. 11, pp. 870-874, Nov. 2014. 

[68] Piljae Park, Sungdo Kim, Sungchul Woo, and Cheonsoo Kim, “A Centimeter Res-
olution, 10 m Range CMOS Impulse Radio Radar for Human Motion Monitoring,” 
Solid-State Circuits, IEEE Journal of, vol. 49, no. 5, pp. 1125-1134, May. 2014. 

[69] A. Ebrazeh and P. Mohseni, “30 pJ/b, 67 Mbps, Centimeter-to-Meter Range Data 
Telemetry With an IR-UWB Wireless Link,” Biomedical Circuits and Systems, 
IEEE Transactions on, vol. 9, no. 3, pp. 362-369, Jun. 2015. 

[70] D.M. Dobkin, The RF in RFID: Passive UHF RFID in Practice, Boston: Elsevier / 
Newnes, 2007. 

[71] U. Karthaus, and M. Fischer, “Fully integrated passive UHF RFID transponder IC 



84 BIBLIOGRAPHY 
 

 

with 16.7µW minimum RF input power,” Solid-State Circuits, IEEE Journal of, vol 
.38, no. 10, pp. 1602-1608, Oct. 2003. 

[72] A. Molisch, K. Balakrishnam, C.C. Chong, S. Emami, A. Fort, J. Karedal, J, 
Kunisch, H. Schantz, U. Schuster, and K. Siwia, “IEEE 802.15.4a channel model - 
final report,” Tech. Rep. 2005, document IEEE 802.1504-0062-02-004a. 

[73] Z. Zou, D.S. Mendoza, P. Wang, Q. Zhou, J. Mao, F. Jonsson, H. Tenhunen, and 
L.R. Zheng, “A Low-Power and Flexible Energy Detection IR-UWB Receiver for 
RFID and Wireless Sensor Networks,” Circuits and Systems I: Regular Papers, 
IEEE Transactions on,  vol. 58, no. 7, pp. 1470 -1482, Jul. 2011. 

[74] S. Chiu, I. Kipnis, M. Loyer, J. Rapp, D. Westberg, J. Johansson, and P. Johansson, 
“A 900 MHz UHF RFID Reader Transceiver IC,” Solid-State Circuits, IEEE 
Journal of, vol. 42, no. 12, pp. 2822 -2833, Dec. 2007. 

[75] W. Wang, S. Lou, K. Chui, S. Rong, C.F. Lok, H. Zheng, H.T. Chan, S.W.  Man, 
H.C. Luong, V.K. Lau, and C.Y. Tsui, “A Single-Chip UHF RFID Reader in 0.18 
µm CMOS Process,” Solid-State Circuits, IEEE Journal of, vol. 43, no. 8, pp. 
1741-1754, Aug. 2008. 

[76] D.C. Daly, P.P. Mercier, M. Bhardwaj, A.L. Stone, Z.N. Aldworth,  T.L. Daniel, J. 
Voldman, J.G. Hildebrand, and A.P. Chandrakasan, “A Pulsed UWB Receiver SoC 
for Insect Motion Control,” Solid-State Circuits, IEEE Journal of, vol. 45, no. 1, pp. 
153-166, Jan. 2010. 

[77] Q. Zhou, J. Mao, Z. Zuo, F. Jonsson, and L.R. Zheng, “A mixed-signal timing circuit 
in 90nm CMOS for energy detection IR-UWB receivers,” in SOC Conference 
(SOCC), 2010 IEEE International, pp.413-416, Sep. 2010. 

[78]  “AD9288:  8-Bit, 40/80/100 MSPS Dual A/D Converter ,” Analog Devices, Inc., 
Dec. 2004 [Online]. Available: 
http://www.analog.com/static/imported-files/data_sheets/AD9288.pdf 

[79]  “High Speed Mezzanine Card (HSMC) Specification,” Altera Corporation, Jun. 
2009 [Online]. Available: http://www.altera.com/literature/ds/hsmc_spec.pdf 

[80] F. Zhang, A. Jha, R. Gharpurey, and P. Kinget, “An Agile, Ultra-Wideband Pulse 
Radio Transceiver With Discrete-Time Wideband-IF,” Solid-State Circuits, IEEE 
Journal of, vol. 44, no. 5, pp. 1336 -1351, May. 2009. 

[81] Y.J. Zheng, S.X. Diao, C.W. Ang, Y. Gao, F.C. Choong, Z. Chen, X. Liu, Y.S. 
Wang, X.J. Yuan, and C.H. Heng, “A 0.92/5.3nJ/b UWB impulse radio SoC for 
communication and localization,” in Solid-State Circuits Conference, 2010. ISSCC 
2010. Digest of Technical Papers. IEEE International, Feb. 2010, pp. 230-231. 

[82] M. Crepaldi, L. Chen, J.R. Fernandes, and P.R. Kinget, “An Ultra-Wideband 



BIBLIOGRAPHY 85 
 

 

Impulse-Radio Transceiver Chipset Using Synchronized-OOK Modulation,” Sol-
id-State Circuits, IEEE Journal of, vol. 46, no. 10, pp. 2284 -2299, Oct. 2011. 

[83] S. Gambini, J. Crossley, E. Alon, and J.H. Rabaey, “A Fully Integrated, 290 pJ/bit 
UWB Dual-Mode Transceiver for cm-Range Wireless Interconnects,” Solid-State 
Circuits, IEEE Journal of, vol. 47, no. 3, pp. 586 -598, Mar. 2012. 
 
Chapter 3 

[84] S. Drago, D. M. W. Leenaerts, F. Sebastiano, L. J. Breems, K. A. A. Makinwa, and 
B. Nauta, “A 2.4 GHz 830 pJ/bit duty-cycled wake-up receiver with dBm sensitivity 
for crystal-less wireless sensor nodes,” in Solid-State Circuits Conference, 2010. 
ISSCC 2010. Digest of Technical Papers. IEEE International, Feb. 7–11, 2010, pp. 
224–225. 

[85] A. El-Hoiydi, C. Arm, R. Caseiro, S. Cserveny, J.-D. Decotignie, C. Enz, F. Giroud, 
S. Gyger, E. Leroux, T. Melly, V. Peiris, F.Pengg, P.-D.Pfister, N.Raemy, 
A.Ribordy, D.Ruffieux, and P.Volet, “The Ultra-Low PowerWiseNET System,” 
in Design, Automation and Test in Europe, 2006. DATE '06. Proceedings, vol. 1, 
pp.1-6, Mar. 2006. 

[86] F. Cilek, K. Seemann, G. Holweg, and R.Weigel, “Impact of the Local Oscillator on 
Baseband Processing in RFID Transponder,” in Signals, Systems, and Electronics, 
2007. ISSSE '07. International Symposium on, pp. 231-234, Jul. 2007. 

[87] M. Youssef, A. Zolfaghari, B. Mohammadi, H. Darabi, and A.A. Abidi, “A 
Low-Power GSM/EDGE/WCDMA Polar Transmitter in 65-nm CMOS,” 
Solid-State Circuits, IEEE Journal of, vol. 46, no. 12, pp. 3061-3074, Dec. 2011. 

[88] B. Otis and J. Rabaey, Ultra-Low Power Wireless Technologies for Sensor 
Networks. New York: Springer, 2007. 

[89] J.M. Rabaey, J. Ammer, B. Otis, F. Burghardt, Y. H. Chee, N. Pletcher, M. Sheets, 
and H. Qin, “Ultra-low-power design,” IEEE Circuits Devices Magazine, vol. 22, 
no. 4, pp. 23–29, Jul. 2006. 

[90] B.P. Otis and J.M. Rabaey, “A 300-μW 1.9-GHz CMOS oscillator utilizing 
micromachined resonators,” Solid-State Circuits, IEEE Journal of, vol.38, no.7, 
pp.1271-1274, July 2003. 

[91] F. Yuan, CMOS Circuits for Passive Wireless Microsystem, 1st ed. London: 
Springer, 2011. 

[92] Radio-Frequency Identity Protocols EPC Class-1 HF RFID Air Interface Protocol, 
EPC. Inc., 2011. 

[93] Xuan Zhang; Apsel, A.B., “A Low-Power, Process-and- Temperature- 



86 BIBLIOGRAPHY 
 

 

Compensated Ring Oscillator With Addition-Based Current Source,” Circuits and 
Systems I: Regular Papers, IEEE Transactions on, vol. 58, no. 5, pp. 868-878, May. 
2011. 

[94] Mozhgan Mansuri, “Low-Power Low-Jitter On-Chip Clock Generation”, Ph.D. 
Thesis, University of California, Los Angeles, 2003. 

[95] X. Gao, E. A. M. Klumperink, M. Bohsali, and B. Nauta, “A 2.2 GHz 
7.6mWsub-sampling PLL with -126 dBc/Hz in-band phase noise and 0.15 ps jitter in 
0.18 µm CMOS,” in Solid-State Circuits Conference, 2009. ISSCC 2009. Digest of 
Technical Papers. IEEE International, Feb. 2009, pp. 392–393. 

[96] R. Staszewski, J.Wallberg, S. Rezeq, C.-M. Hung, O. Eliezer, S.Vemulapalli, C. 
Fernando, K. Maggio, R. Staszewski, N. Barton, M.-C. Lee, P. Cruise, M. Entezari, 
K. Muhammad, and D. Leipold, “All-digital PLL and transmitter for mobile 
phones,” Solid-State Circuits, IEEE Journal of, vol. 40, no. 12, pp. 2469–2482, Dec. 
2005. 

[97] S. Drago, D. Leenaerts, B. Nauta, F. Sebastiano, K.A.A. Makinwa, and L.J.Breems, 
“A 200 μA Duty-Cycled PLL for Wireless Sensor Nodes in 65 nm CMOS,” 
Solid-State Circuits, IEEE Journal of, vol.45, no.7, pp.1305-1315, Jul. 2010. 

[98] M. Crepaldi and D. Demarchi, “A 130-nm CMOS 0.007- mm2 
Ring-Oscillator-Based Self-Calibrating IR-UWB Transmitter Using an 
Asynchronous Logic Duty-Cycled PLL,” Circuits and Systems II: Express Briefs, 
IEEE Transactions on, vol. 60, no. 5, pp. 237-241, May. 2013. 

[99] U. Denier, “Analysis and design of an ultralow-power CMOS relaxation oscillator,” 
Circuits and Systems I: Regular Papers, IEEE Transactions on, vol. 57, no. 8, pp. 
1973–1982, Aug. 2010. 

[100] Y. Tokunaga, S. Sakiyama, A. Matsumoto, and S. Dosho, “An On-Chip CMOS 
Relaxation Oscillator With Voltage Averaging Feedback,” Solid-State Circuits, 
IEEE Journal of, vol. 45, no. 6, pp. 1150-1158, Jun.  2010. 

[101] Hamed Abbasizadeh, Behnam Samadpoor, and Kang-Yoon Lee, “A fully on-chip 
25MHz PVT-compensation CMOS Relaxation Oscillator,” in Very Large Scale 
Integration (VLSI-SoC), 2015 IFIP/IEEE International Conference on, pp. 241-245, 
Oct. 2015. 

[102] Y. Cao, P. Leroux, W.D. Cock, and M. Steyaert, “A 63,000 Q-factor relaxation 
oscillator with switched-capacitor integrated error feedback,” in Solid-State Circuits 
Conference, 2013. ISSCC 2013. Digest of Technical Papers. IEEE International, pp. 
186-187, Feb. 2013. 

[103] R. Adler, “A study of locking phenomena in oscillators,” Proceeding of the IEEE, 



BIBLIOGRAPHY 87 
 

 

vol. 61, pp. 1380–1385, Oct. 1973. 

[104] L.J. Paciorek, “Injection Locking of Oscillators,” Proceeding of the IEEE, vol. 53, 
no. 11, pp. 1723-1728, Nov. 1965. 

[105] A. Mirzaei, M.E. Heidari, Rahim Bagheri, and A.A. Abidi, “Multi-Phase Injection 
Widens Lock Range of Ring-Oscillator-Based Frequency Dividers,” Solid-State 
Circuits, IEEE Journal of, vol. 43, no. 3, pp. 656-671, Mar. 2008. 

[106] A. Neogy and J. Roychowdhury, “Analysis and design of sub-harmonically injection 
locked oscillators,” in Design, Automation & Test in Europe Conference & 
Exhibition (DATE), 2012, pp. 1209-1214, 12-16 Mar. 2012. 

[107] P. Kinget, R. Melville, D. Long, and V. Gopinathan. “An injection-locking scheme 
for precision quadrature generation”,  Solid-State Circuits, IEEE Journal of, vol. 37, 
no. 7, pp. 845-851, Jul. 2002. 

[108] Jianhua Lu, Ning-Yi Wang, and Chang, M.-C.F. “A Compact and Low Power 5–10 
GHz Quadrature Local Oscillator for Cognitive Radio Applications”, Solid-State 
Circuits, IEEE Journal of, vol. 47, no. 5, pp. 1131-1140, May. 2012. 

[109] T. Shibasaki, Hirotaka Tamura, K. Kanda, H. Yamaguchi, J. Ogawa, and T. Kuroda, 
“20-GHz Quadrature Injection-Locked LC Dividers With Enhanced Locking 
Range”,  Solid-State Circuits, IEEE Journal of,  vol. 43, no. 3, pp. 610 - 618, Mar. 
2008. 

[110] A. Buonomo and A. Lo Schiavo, “Analytical Approach to the Study of 
Injection-Locked Frequency Dividers”, Circuits and Systems I: Regular Papers, 
IEEE Transactions on, vol. 60, no. 1, pp. 51- 62, Jan. 2013. 

[111] J. Pandey and B.P. Otis, “A Sub-100 µW MICS/ISM Band Transmitter Based on 
Injection-Locking and Frequency Multiplication,” Solid-State Circuits, IEEE 
Journal of, vol. 46, no. 5, pp. 1049 - 1058, May. 2011. 

[112] J.K. Brown and D.D. Wentzloff, “A GSM-Based Clock-Harvesting Receiver With –
87 dBm Sensitivity for Sensor Network Wake-Up,” Solid-State Circuits, IEEE 
Journal of, vol. 48, no. 3, pp. 661-669, Mar. 2013. 

[113] Liangge Xu, S. Lindfors, K. Stadius, and J. Ryynanen, “A 2.4-GHz Low-Power 
All-Digital Phase-Locked Loop,” Solid-State Circuits, IEEE Journal of, vol. 45, no. 
8, pp. 1513-1521, Aug. 2010. 

[114] Peng Liu, S.P.Sah, Xinmin Yu, Jaeyoung Jung, P. Upadhyaya, T.N. Nguyen, and  
Deukhyoun Heo, “Design Techniques for Load-Independent Direct Bulk-Coupled 
Low Power QVCO,” Microwave Theory and Techniques, IEEE Transactions on, 
vol. 61, no. 10, pp. 3658-3665, Oct. 2013. 



88 BIBLIOGRAPHY 
 

 

[115] A. Mirzaei, M. E. Heidari, R. Bagheri, and A. Abidi, “Multi-phase injection widens 
lock range of ring-oscillator-based frequency dividers,” Solid-State Circuits, IEEE 
Journal of,  vol. 43, no. 3, pp. 656–671, Mar. 2008. 

[116] S. D. Toso, A. Bevilacqua, M. Tiebout, N. Da Dalt, A. Gerosa, and A. Neviani, “An 
integrated divide-by-two direct injection-locking frequency divider for bands s 
through Ku,” Microwave Theory and Techniques, IEEE Transactions on, vol. 58, 
no. 7, pp. 1686–1695, Jul. 2010. 

[117] A.A. Hafez and Chih-Kong Ken Yang, “Analysis and Design of Superharmonic 
Injection-Locked Multipath Ring Oscillators,” Circuits and Systems I: Regular 
Papers, IEEE Transactions on, vol. 60, no. 7, pp. 1712-1725, Jul. 2013. 

[118] Taiyun Chi; Jun Luo; Song Hu; Hua Wang, “A Multi-Phase Sub-Harmonic Injection 
Locking Technique for Bandwidth Extension in Silicon-Based THz Signal 
Generation,” Solid-State Circuits, IEEE Journal of, vol. 50, no. 8, pp. 1861-1873, 
Aug. 2015. 

[119] A. Mirzaei, M. E. Heidari, R. Bagheri, and A. Abidi, “Multi-phase injection widens 
lock range of ring-oscillator-based frequency dividers,” Solid-State Circuits, IEEE 
Journal of, vol. 43, no. 3, pp. 656–671, Mar. 2008. 

[120] J. Chien and L. Lu, “Analysis and Design of Wideband Injection-Locked Ring 
Oscillators With Multiple-Input Injection,” Solid-State Circuits, IEEE Journal of, 
vol. 42, no. 9, pp. 1906-1915, Sep. 2007. 

[121] K. Yamamoto and M. Fujishima, “A 44-μW 4.3-GHz injection-locked frequency 
divider with 2.3-GHz locking range,” Solid-State Circuits, IEEE Journal of, vol. 40, 
no. 3, pp. 671-677, Mar. 2005.  

[122] P. P. Mercier, D.C. Daly, and A. P. Chandrakasan, “An energy-efficient all-digital 
UWB transmitter employing dual capacitively-coupled pulse shaping drivers,” 
Solid-State Circuits, IEEE Journal of, vol. 44, pp. 1679-1688, Jun. 2009. 

[123] Xiaoyan Wang, Yikun Yu, B. Busze, H. Pflug, A. Young, Xiongchuan Huang, Cui 
Zhou, M. Konijnenburg, K. Philips, H. de Groot, “A meter-range UWB transceiver 
chipset for around-the-head audio streaming,” in Solid-State Circuits Conference, 
2012. ISSCC 2012. Digest of Technical Papers. IEEE International, pp. 450-452, 
Feb. 2012. 
 
Chapter 4 

[124] Energy Autonomous Systems: Future Trends in Devices, Technology, and Systems 
[Online].  
http://www2.imec.be/content/user/File/EAS_report_v28.pdf 



BIBLIOGRAPHY 89 
 

 

[125] R. Schreier, G. C.Temes, Understanding Delta-Sigma Data Converter, John Wiley 
& Sons, 2004. 

[126] B. P. Ginsburg, “Energy-Efficient Analog-to-Digital Conversion for Ul-
tra-Wideband Radio”, Ph.D. thesis, Massachusetts Institute of Technology, 2007. 

[127] D. Zhang, A. Bhide, and A. Alvandpour, “A 53-nW 9.1-ENOB 1-kS/s SAR ADC in 
0.13-µm CMOS for medical implant devices,” Solid-State Circuits, IEEE Journal 
of, vol. 47, no. 7, pp. 1585 –1593,  Jul. 2012. 

[128] D. Zhang, “Ultra-Low-Power Analog-to-Digital Converters for Medical Applica-
tions”, Ph.D. thesis, Linköping University, 2014. 

[129] D.-Y. Yoon, S. Ho, and H.-S. Lee, “A Continuous-Time Sturdy-MASH Delta 
Sigma Modulator in 28 nm CMOS,” Solid-State Circuits, IEEE Journal of, vol.50, 
no. 12, pp. 2880-2890, Dec. 2015. 

[130] Su-Hao Wu; Jieh-Tsorng Wu, “A 81-dB Dynamic Range 16-MHz Bandwidth Delta 
Sigma  Modulator Using Background Calibration,” Solid-State Circuits, IEEE 
Journal of, vol. 48, no. 9, pp. 2170-2179, Sep. 2013. 

[131] D.A. Johns and K. Martin, Analog Integrated Circuit Design, New York, N.Y.: John 
Wiley & Sons, Inc., 2005. 

[132] V. Singh, N. Krishnapura, S. Pavan, B. Vigraham, D. Behera, and N. Nigania, “A 16 
MHz BW 75 dB DR CT Sigma-Delta ADC Compensated for More Than One Cycle 
Excess Loop Delay,” Solid-State Circuits, IEEE Journal of, vol. 47, no. 8, pp. 
1884-1895, Aug. 2012. 

[133] M. Yip and A.P. Chandrakasan, “A Resolution-Reconfigurable 5-to-10-Bit 0.4-to-1 
V Power Scalable SAR ADC for Sensor Applications,” Solid-State Circuits, IEEE 
Journal of, vol. 48, no. 6, pp. 1453-1464, Jun. 2013. 

[134] P. Harpe, E. Cantatore, and A. van. Roermund, “A 10b/12b 40 kS/s SAR ADC With 
Data-Driven Noise Reduction Achieving up to 10.1b ENOB at 2.2 
fJ/Conversion-Step,” Solid-State Circuits, IEEE Journal of, vol. 48, no. 12, pp. 
3011-3018, Dec. 2013. 

[135] Yan Zhu, Chi-Hang Chan, U-Fat Chio, Sai-Weng Sin, Seng-Pan U, R.P. Martins, 
and F. Maloberti, “A 10-bit 100-ms/s reference-free SAR ADC in 90 nm CMOS,” 
Solid-State Circuits, IEEE Journal of, vol. 45, no.6, pp. 1111–1121, Jun. 2010. 

[136] Ruoyu Xu, Bing Liu and Jie Yuan, “Digitally Calibrated 768-kS/s 10-b Mini-
mum-Size SAR ADC Array With Dithering,” Solid-State Circuits, IEEE Journal of, 
vol. 47, no. 9, pp. 2129-2140, Sep. 2012. 

[137] M. Saberi, R. Lotfi, Khalil. Mafinezhad, and W. A. Serdijn, “Analysis of Power 



90 BIBLIOGRAPHY 
 

 

Consumption and Linearity in Capacitive Digital-to-Analog Converters Used in 
Successive Approximation ADCs,” Circuits and Systems I: Regular Papers, IEEE 
Transactions on, vol. 58, no. 8, pp. 1736-1748, Aug. 2011. 

[138] R.H. Walden, “Analog-to-digital converter survey and analysis,” in Selected Areas 
in Communications, IEEE Journal on, vol.17, no.4, pp.539-550, Apr. 1999. 

[139] Lei Sun, Bing Li, A.K.Y. Wong, Wai Tung Ng, and Kong Pang Pun, “A Charge 
Recycling SAR ADC With a LSB-Down Switching Scheme,” Circuits and Systems 
I: Regular Papers, IEEE Transactions on, vol. 62, no. 2, pp. 356-365, Feb. 2015. 

[140] Cheng-Wu Lin, Jai-Ming Lin, Yen-Chih Chiu, Chun-Po Huang, and Soon-Jyh 
Chang, “Mismatch-Aware Common-Centroid Placement for Arbitrary-Ratio Ca-
pacitor Arrays Considering Dummy Capacitors,” Computer-Aided Design of Inte-
grated Circuits and Systems, IEEE Transactions on, vol. 31, no. 12, pp. 1789-1802, 
Dec. 2012. 

[141] Yongfu Li, Zhe Zhang, Dingjuan Chua, and Yong Lian, “Placement for Bina-
ry-Weighted Capacitive Array in SAR ADC Using Multiple Weighting Methods,” 
Computer-Aided Design of Integrated Circuits and Systems, IEEE Transactions on, 
vol. 33, no. 9, pp. 1277-1287, Sep. 2014. 

[142] B.P. Ginsburg, and A.P. Chandrakasan, “An energy-efficient charge recycling 
approach for a SAR converter with capacitive DAC,” in Circuits and Systems, 2005. 
ISCAS 2005. IEEE International Symposium on, pp.184-187, May. 2005. 

[143] Yan Zhu, U-Fat Chio, He-Gong Wei, Sai-Weng Sin, Seng-Pan U, and R.P. Martins, 
“Linearity analysis on a series-split capacitor array for high-speed SAR ADCs,” 
in Circuits and Systems, 2008. MWSCAS 2008. 51st Midwest Symposium on, 
pp.922-925, Aug. 2008. 

[144] Jeong-Sup Lee and In-Cheol Park, “Capacitor array structure and switch control for 
energy-efficient SAR analog-to-digital converters,” in Circuits and Systems, 2008. 
ISCAS 2008. IEEE International Symposium on, pp. 236-239, May. 2008. 

[145] M.A. Ghanad, M.M. Green and C. Dehollain, “A 15 µW 5.5 kS/s Resistive Sensor 
Readout Circuit with 7.6 ENOB,” Circuits and Systems I: Regular Papers, IEEE 
Transactions on, vol. 61, no. 12,  pp. 3321-3329, Dec. 2014. 

[146] W. Bracke, P. Merken, R. Puers, and C. Van Hoof, “Ultra-Low-Power Interface 
Chip for Autonomous Capacitive Sensor Systems,” Circuits and Systems I: Regular 
Papers, IEEE Transactions on, vol. 54, no. 1, pp. 130-140, Jan. 2007. 

[147] Tee Hui Teo, Xinbo Qian, P. Kumar Gopalakrishnan, Y.S. Hwan, Kuruveettil 
Haridas, Chin Yann Pang, Hyouk-Kyu Cha, and Minkyu Je, “A 700 µW Wireless 
Sensor Node SoC for Continuous Real-Time Health Monitoring,” Solid-State Cir-



BIBLIOGRAPHY 91 
 

 

cuits, IEEE Journal of, vol. 45, no. 11, pp. 2292-2299, Nov. 2010. 

[148] G. Papotto, F.Carrara, A.Finocchiaro, and G.Palmisano, “A 90-nm CMOS 5-Mbps 
Crystal-Less RF-Powered Transceiver for Wireless Sensor Network Nodes,” 
Solid-State Circuits, IEEE Journal of, vol. 49, no. 2, pp. 335-346, Feb. 2014. 

[149] D. Cox, “Implementing Ohmmeter/Temperature Sensor,” Microchip Technology, 
Chandler, AZ, Application Note AN512, 1997. 

[150] Chun-Cheng Liu, Soon-Jyh Chang, Guan-Ying Huang, and Ying-Zu Lin, “A 10-bit 
50-MS/s SAR ADC With a Monotonic Capacitor Switching Procedure,” Solid-State 
Circuits, IEEE Journal of, vol. 45, no. 4, pp. 731-740, Apr. 2010. 

[151] Shan Jiang, A.V. Do, Kiat Seng Yeo, and Wei Meng Lim, “An 8-bit 200-MSample/s 
Pipelined ADC With Mixed-Mode Front-End S/H Circuit,” Circuits and Systems I: 
Regular Papers, IEEE Transactions on, vol. 55, no. 6, pp. 1430-1440, Jul. 2008. 

[152] Jia Mao, D.M. Sarmiento, Qin Zhou, Jian Chen, Peng Wang, Zhuo Zou, F. Jonsson, 
and Li-Rong Zheng, “A 90nm CMOS UHF/UWB asymmetric transceiver for RFID 
readers,” in  Solid-State Circuits Conference, 2011. ESSCIRC '11. Proceedings of 
the 37th European, pp.179-182, 12-16 Sept. 2011. 

[153] IEEE Standard for Terminology and Test Methods for Analog-To-Digital 
Converters, IEEE Standard 1241-2000, 2001. 

[154] F. Reverter and R. P. Areny, “Effective number of resolution bits in direct 
sensor-to-microcontroller interfaces,” Measurement Science and Technology, vol. 
15, pp. 2157-2162, Sep. 2004. 

[155] K. Abdelhalim, L. Kokarovtseva, J. L. Perez Velazquez, and R. Genov, “915-MHz 
FSK/OOK Wireless Neural Recording SoC With 64 Mixed-Signal FIR Filters,” 
Solid-State Circuits, IEEE Journal of, vol. 48, no. 10, pp. 2478-2493, Oct. 2013. 

[156] K. Abdelhalim, H.M. Jafari, L. Kokarovtseva, J.L.P. Velazquez, and R. Genov, 
“64-Channel UWB wireless neural vector analyzer and phase synchrony-triggered 
stimulator SoC,” in Solid-State Circuits Conference, 2012. ESSCIRC '12. 
Proceedings of the 38th European, pp. 281-284, Sep. 2012. 

[157] H.M. Jafari, K. Abdelhalim, L. Soleymani, E.H. Sargent, S.O. Kelley, and R. Genov, 
“Nanostructured CMOS Wireless Ultra-Wideband Label-Free PCR-Free DNA 
Analysis SoC,” Solid-State Circuits, IEEE Journal of, vol. 49, no. 5, pp. 1223-1241, 
May 2014. 

[158] J.H. Jang, D.F. Berdy, J. Lee, D. Peroulis and B. Jung, “A Wireless Condition 
Monitoring System Powered by a Sub-100 µW Vibration Energy Harvester,” 
Circuits and Systems I: Regular Papers, IEEE Transactions on, vol. 60, no. 4, pp. 
1082-1093, Apr. 2013. 



92 BIBLIOGRAPHY 
 

 

 

[159] Yao-Hong Liu, Xiongchuan Huang, M. Vidojkovic, A. Ba, P. Harpe, G.Dolmans, de 
H. Groot, “A 1.9nJ/b 2.4GHz multistandard (Bluetooth Low Energy /Zigbee/IEEE 
802.15.6) transceiver for personal/body-area networks,” in Solid-State Circuits 
Conference, 2013. ISSCC 2013. Digest of Technical Papers. IEEE International, pp. 
446-447, Feb. 2013. 

[160] Y. Oike and A.E. Gamal, “A 256×256 CMOS image sensor with ΔΣ-based sin-
gle-shot compressed sensing,” in Solid-State Circuits Conference Digest of Tech-
nical Papers (ISSCC), 2012 IEEE International, pp.386-388, Feb. 2012. 

[161] D. Gangopadhyay, E.G. Allstot, A.M.R. Dixon, K. Natarajan, S. Gupta, and D.J. 
Allstot, “Compressed Sensing Analog Front-End for Bio-Sensor Applications,” 
Solid-State Circuits, IEEE Journal of, vol. 49, no. 2, pp. 426-438, Feb. 2014. 

[162] E.J. Candes, and M.B. Wakin, “An Introduction To Compressive Sampling,” Signal 
Processing Magazine, IEEE, vol.25, no.2, pp.21-30, Mar. 2008. 

[163] Jia Mao, Zhuo Zou, and Li-Rong Zheng, “A Harmonic UWB Transceiver System,” 
US Provisional Patent, 2015. 

[164] G.Yang, J. Mao, H. Tenhunen, and L. R. Zheng, “Design of a self-organized Intel-
ligent Electrode for synchronous measurement of multiple bio-signals in a wearable 
healthcare monitoring system,” in  Applied Sciences in Biomedical and Communi-
cation Technologies (ISABEL), 2010 3rd International Symposium on, pp.1-5, Nov. 
2010. 

[165] G. Yang, J. Chen, L. Xie, J. Mao, H. Tenhunen, and L. R. Zheng, “A Hybrid Low 
Power Bio-Patch for Body Surface Potential Measurement,” IEEE Journal of 
Biomedical and Health Informatics (JBHI), vol.17, no.3, pp.591-599, May. 2013. 

[166] 
 

M.D. Sarmiento, Z. Zou, Q. Zhou, J. Mao, P. Wang, F. Jonsson, and Li-Rong Zheng, 
“Analog front-end RX design for UWB impulse radio in 90nm CMOS,” in Circuits 
and Systems (ISCAS), 2011 IEEE International Symposium on, pp.1552-1555, May. 
2011. 

[167] 
 

Q. Zhou, Z. Zou, J. Mao, F. Jonsson, and L. R. Zheng, “A flexible energy detection 
IR-UWB receiver for RFID and WSN,” in Swedish System on Chip Conference 
SSoCC 2010, May. 2010. 

[168] 
 

J. Shen, L. Xie, J. Mao, F. Jonsson, and L. R. Zheng, “Intelligent packaging with 
inkjet-printed Electrochromic paper display - a passive display infotag,” in NIP & 
Digital Fabrication Conference, Society for Imaging Science and Technology, vol. 
2012, no. 1, pp. 164-167, Sep. 2012. 

[169] J. Shen, L. Xie, J. Mao, and L. R. Zheng, “A passive UHF-RFID tag with 



BIBLIOGRAPHY 93 
 

 

 inkjet-printed Electrochromic paper display,” in Proceeding of RFID (RFID), 2013 
IEEE International Conference on, pp. 118-123, Apr. 2013. 

[170] 
 

L. Xie, J. Shen, J. Mao, F. Jonsson, and L. R. Zheng, “Co-design of flip chip 
interconnection with anisotropic conductive adhesives and inkjet printed circuits for 
paper-based RFID tag,” in Electronic Components and Technology Conference 
(ECTC), 2011 IEEE 61st, pp.1752-1757, May. 2011. 

[171] 
 

J. Mao, D.S. Mendoza, Q. Zhou, J. Chen, P. Wang. Z. Zou, F. Jonsson and L.R. 
Zheng, “A 90nm CMOS UHF/UWB Asymmetric Transceiver for RFID reader,” in 
Proceeding of IEEE Eur. Solid-State Circuits Conference (ESSCIRC), pp. 179 -182, 
Sep. 2011. 

[172] 
 

J. Mao, Z. Zou and L. R. Zheng, “A Power-Scalable and High-Pulse Swing UWB 
Transmitter for Wirelessly-Powered RFID Applications,” in Proceeding of NOR-
CHIP Conference,2012, pp.1-4, Nov. 2012. 

[173] 
 

J. Mao, D.S. Mendoza, Q. Zhou, J. Chen, P. Wang. Z. Zou, F. Jonsson and L.R. 
Zheng “An UHF/UWB RFID Reader Transceiver in 90 nm CMOS,” Manuscript, to 
be submitted to Journal of Industrial Information Integration, Elsevier. 

[174] 
 

J. Mao, Z. Zou and L. R. Zheng, “35 pJ/pulse Injection-Locking Based UWB 
Transmitter for Wirelessly-Powered RFID Tags,” in Proceeding of IEEE Eur. 
Solid-State Circuits Conference (ESSCIRC), pp.379-382, Sep. 2013. 

[175] 
 

J. Mao, Z. Zou and L. R. Zheng, “A Subgigahertz UWB Transmitter With Wireless 
Clock Harvesting for RF-Powered Applications,” in Circuits and Systems II: Ex-
press Briefs, IEEE Transactions on, vol.61, no.5, pp.314-318, May. 2014. 

[176] 
 

J. Mao, F. Jonsson, and L. R. Zheng, “Mismatch Aware Power and Area Optimiza-
tion of Successive Approximation ADC,” in Proceeding of Electronics, Circuits, 
and Systems (ICECS), 2010, 17th IEEE International Conference on, pp.882-885, 
Dec. 2010. 

[177] 
 

J. Shen, J. Mao, G. Yang, L. Xie, Y. Feng, M. B. Nejad, Z. Zou, H. Tenhunen and 
L.R. Zheng, “A 180 nm-CMOS asymmetric UWB-RFID tag with real-time re-
mote-monitored ECG sensing,” in Proceeding of the International Conference on 
Biomedical Electronics and Devices, pp.210-215, Jan. 2015. 

[178] 
 

J. Mao, Z. Zou and L. R. Zheng, “A UWB-based Sensor-to-Time Transmitter for 
RF-powered Sensing Applications,” accepted for publication in Circuits and Sys-
tems II: Express Briefs, IEEE Transactions on, 2015. 

 


	Abstract
	Sammanfattning
	Contents
	List of Figures
	List of Tables
	Abbreviations and Acronyms
	Chapter 1
	Introduction
	1.1 Background
	1.1.1 The Internet of Things
	1.1.2 Wireless Microdevice in IoT

	1.2 Motivation and Challenges
	1.3 Thesis scope
	1.4 Thesis Contribution and Organization
	1.4.1 Contributions
	1.4.2 Thesis Organization


	Chapter 2
	UHF/UWB Hybrid Radio for Radio Interface
	2.1 Overview of UHF/UWB Hybrid Radio
	2.1.1 Start-of-the-Art of Radio Interface Solutions
	2.1.2 Ultra-Wideband
	2.1.3 UHF/UWB Hybrid Radios

	2.2 Design of UWB Transmitter for Tags
	2.2.1 The Architecture of UWB Transmitters
	2.2.2 Design Consideration of Wireless-powered UWB Transmitter
	2.2.3 System and Circuits Implementation

	2.3 UHF/UWB Reader Design
	2.3.1 Design Consideration of UHF/UWB reader
	2.3.2 Circuits Implementation
	2.3.3 Experimental Results

	2.4 Summary

	Chapter 3
	Wireless Clock-Harvesting for Radio Interface
	3.1 Overview
	3.1.1 Design Considerations of LO
	3.1.2 State-of-the-art of LO Generation

	3.2 Wireless Clock-Harvesting
	3.2.1 Injection-locked Oscillator
	3.2.2 Injection Locking Based Wireless Clock-Harvesting

	3.3 Sub-GHz UWB Transmitter with Wireless Clock-Harvesting
	3.4 Circuit Implementation
	3.4.1 Carrier Based Injection-locked Ring Oscillator
	3.4.2 Synchronized Pulse Generator and Driver Stage

	3.5 Experimental Results
	3.6 Summary

	Chapter 4
	Sensor Interface: ADC-based Solution and Time-domain Sensing
	4.1 Overview of ADCs for Sensor Interface
	4.1.1 Sigma-Delta ADC
	4.1.2 SAR ADC
	4.1.3 Comparison between SAR ADC and Sigma-delta ADC

	4.2 Mismatch Aware Power and Area Optimization of SAR ADC
	4.3 Time-domain Sensing
	4.3.1 Time-domain Signaling
	4.3.2 UWB-based Sensor-to-time Transmitter

	4.4 Circuit Implementation of Time-domain Sensing Transmitter
	4.5 Experimental Results of Time-domain Sensing Transmitter
	4.6 Summary

	Chapter 5
	Conclusions and Future Works
	5.1 Thesis Summary
	5.2 Future Work

	Bibliography

