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Abstract

In the era of Internet-of-Things, the demand for short range wireless
links featured by low-power and low-cost, robust communication and high-
precision positioning is growing rapidly. Impulse Radio Ultra-Wideband (IR-
UWB) technology characterized by the transmission of sub-nanosecond pulses
spanning up to several GHz band with extremely low power spectral density
emerges as a promising candidate. Nevertheless, several challenges must be
confronted in order to take the full advantage of IR-UWB technology. The
most significant one lies in the reception of UWB signals. Traditional receiver
requires Nyquist rate ADC which is overwhelmingly complex and power hun-
gry. This dissertation proposes and investigates possible sub-Nyquist sam-
pling techniques for IR-UWB receiver design.

In the first part of this dissertation, the IR-UWB receiver based on energy
detection (ED) principle is explored. A low-power ED receiver featured by
flexibility and multi-mode operation is proposed. The receiver prototype for
3-5 GHz band is implemented in 90 nm CMOS. Measurement results demon-
strate that 16.3 mW power consumption and -79 dBm sensitivity at 10 Mb/s
data rate can be achieved. To further optimize the receiver performance,
threshold optimization is suggested for the on-off-keying modulated signal,
and adaptive synchronization and integration region optimization is proposed.
Finally, a low complexity burst packet detection scheme is proposed, which is
adaptive to the variations of noise background and link distance.

In the second part of this dissertation, the IR-UWB receiver based on
compressed sensing (CS) theory is investigated. Firstly, appropriate sparse
basis, sensing matrix and reconstruction algorithms are suggested for the CS
based IR-UWB receiver. And then, the architectural analysis of the CS re-
ceiver with focuses on the random noise processes in the CS measurement
procedure is presented. At last, a novel two-path noise-reducing architecture
for the CS receiver is proposed. Besides the improvement on the receiver per-
formance, the proposed architecture also relaxes the hardware implementation
of the CS random projection as well as the back-end signal reconstruction.

Keywords: Ultra-Wideband, impulse radio, receiver, energy detection, com-
pressed sensing, sub-Nyquist sampling, Internet-of-Things
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Sammanfattning

I en tid präglad av Internet-of-Things (IoT), där det blir allt vanligare att
bygga in mikrosystem i våra vardagsföremål för identifikation, detektion, kom-
munikation och position kommer vår efterfrågan på trådlösa kortavståndsan-
slutningar med låg strömförbrukning, låg kostnad, robust kommunikation, och
exakt positionering fortsätta att växa i allt större takt. Här framstår Impul-
se Radio Ultra-Wideband (IR-UWB) för överföring av subnanosekundpulser
över flera GHz-frekvensband med extremt lågt effektspektrum som en lovan-
de kandidat. Men det finns flera svårigheter som måste lösas innan vi kan
utnyttja IR-UWB-tekniken till fullo. En av de största svårigheterna ligger i
mottagandet av UWB-signalerna. Traditionella mottagare använder Nyquist-
frekvensen ADC, som skulle leda till en alltför komplex och energislukande
lösning. Denna avhandling föreslår och undersöker möjliga tekniker för sub-
Nyquist-sampling som kan användas i IR-UWB-mottagare.

I avhandlingens första del undersöks IR-UWB-mottagare baserade på
en energidetekteringsprincip (ED) utifrån systemarkitektur, kretsimplemen-
tering och prestandaoptimering. Därefter föreslås en IR-UWB-mottagare med
lågeffekts-ED som erbjuder flexibilitet och flerlägesdrift. Mottagarprototypen
för 3-5 GHz-bandet tas fram och tillverkas i 90 nm CMOS teknik. Mätre-
sultaten visar att 16.3 mW energiförbrukning och -79 dBm sensitivitet kan
uppnås vid en överföringshastighet på 10 Mb/s. För ytterligare optimering
av mottagarprestandan föreslås optimering av tröskelvärdena för den OOK-
modulerade signalen tillsammans med adaptiv synkronisering och optimering
av integrationsregionerna. Slutligen behandlas problemet med paketdetekte-
ring vid skurpulser i kontexten av trådlöst drivna positionsdetekterande UWB
RFID-system. Här föreslås ett detekteringssystem med låg komplexitet som
kan anpassas till varierande bakgrundsbrus och länkavstånd.

I avhandlingens andra del undersöks en IR-UWB-mottagare baserat på
teorin om framväxande så kallat compressed sensing (CS). Först av allt, an-
vänds en genomgående studie av CS-teorin som bas för att föreslå lämpliga
algoritmer för gles bas, detekteringsmatriser och rekonstruktion för den CS-
baserade IR-UWB-mottagaren. Därefter presenteras den första arkitektoniska
analysen av CS-mottagaren med fokus på de randomiserade brusprocesserna
i CS-mätningen. Slutligen föreslås en nytänkande tvåvägs brusreducerande
arkitektur för CS-mottagaren. Den föreslagna arkitekturen bidrar till förbätt-
rad mottagarprestanda, men också mindre strikt maskinvaruimplementering
av CS-randomiserad projicering och back-end-signalrekonstruktion.
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IR-UWB impulse radio ultra-wideband
ISM industrial, scientific and medical
LFSR linear feedback shift register
LNA low noise amplifier
LO local oscillator
LOS line of sight
MAE mean absolute error
MB multi-band
NF noise figure
NLOS non-line of sight
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OFDM orthogonal frequency division multiplexing
OMP orthogonal matching pursuit
OOK on-off keying
PG processing gain
PLL phase locked loop
PN pseudo number
PPM pulse position modulation
PRBS pseudo-random binary sequence
PRI pulse repetition interval
PSD power spectral density
QAC quadrature analog correlation
QoS quality of service
RF radio frequency
RFID radio frequency identification
RMPI random modulation pre-integration
RTC real-time control
RTLS real-time locating systems
RX receiver
SDR software-defined radio
SFD start frame delimiter
SNR signal to noise ratio
TOA time of arrival
TR transmitted reference
TX transmitter
UHF ultra-high frequency
UWB ultra-wideband
VGA variable gain amplifier
WBAN wireless body area network
WPAN wireless personal area network
WSN wireless sensor network
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 The Vision of Internet-of-Things

Along with the advances in microelectronics, communications and information tech-
nology over the past decades, we’re now entering a new era of the Internet-of-Things
(IoT): a vision of connectivity for anybody and anything, at anytime and from any-
where [1], as depicted in Figure 1.1. The IoT extends the current Internet into the
real world of physical objects, and has been recognized as the next technological
revolution after the World Wide Web and universal mobile accessibility [2]. The po-
tential applications enabled by the IoT penetrate every aspect of our lives, to name
a few, logistics, healthcare, smart environment, and industrial automation, which
will dramatically improve the quality of our lives and contribute to the growth of
world’s economy [3].

In the vision of IoT, all daily objects become smart and interconnected. They
are able to sense the surrounding environment, communicate with each other, access
Internet services and interact with people [4]. To make this vision become a reality,
micro-devices enabling identification, sensing, communication and positioning are
desired to be integrated and embedded into any daily objects, such as automobiles,
food and medicine packages, furnitures and even paper documents. It is expected
that there will be 50 to 100 billion smart objects connected to the Internet in the
near future [2]. The development of IoT requires technical innovations in a number
of different fields, for instance, sensor design and integration with radio frequency
identification (RFID), wireless links for robust communication and high-precision
positioning, low-power and low-cost electronic system design, system integration
and miniaturization [5].

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: The vision of Internet-of-Things. Figure from Internet [6].

1.1.2 Short Range Wireless Link for the IoT
Short range wireless technology is one of the key enablers for the IoT. In the IoT
scenario, radio frequency identification (RFID) tags [7] or smart wireless sensor
network (WSN) nodes [8] that are scattered in the local area, personal area or
even body area will be networked by wireless links and bridged to the Internet.
Such wireless links have a range of several to tens of meters and desire a moderate
data rate (∼ Mb/s) with ultra-low energy consumption (∼ nJ/bit). Besides, the
radio transceivers should be low power and low cost which can be highly integrated
into self-powered or wireless-powered tags [9]. Furthermore, sub-meter ranging and
positioning capability is highly anticipated for location-aware applications.

To date there are several wireless technologies dedicated to short range commu-
nications, passive ultra-high frequency (UHF) RFID, ZigBee [10], Bluetooth [11],
Wi-Fi [12] and the emerging Impulse Radio Ultra-Wideband (IR-UWB). Table 1.1
summarizes the main characteristics of those wireless technologies [13–16]. Passive
UHF RFID has been widely considered for the IoT applications due to its low tag
cost and long lifetime. However, it suffers from multi-user interference and limited
coverage range and data rate [17–19]. ZigBee provides highly reliable mesh net-
works with long battery life [20]. The network coverage range is typically about
tens of meters and is able to support essentially an unlimited number of sensor
nodes due to its meshing capability. However, the data rate can not exceed 250
kb/s. Compared to ZigBee, Bluetooth has a higher data rate up to 723 kb/s but
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at the expenses of higher power consumption and less coverage range (only 10
meters). Besides, it only support star network topology with limited number of
nodes. Wi-Fi, on the other hand, offers both high data rate (10-105 Mb/s) and
sufficient coverage range (10-100 m). Nevertheless, the high power consumption is
unacceptable for most IoT applications. One common drawback of passive UHF
RFID, ZigBee, Bluetooth and Wi-Fi lies in the ranging/positioning capability, only
meter level positioning accuracy can be achieved which is insufficient for indoor
applications. IR-UWB technology has recently attracted much attention due to
its unique features like centimeter positioning capability and low power low cost
implementation. It is increasingly accepted as one promising candidate for the next
generation RFID and WSN towards the IoT [21].

Table 1.1: Comparison of Short Range Wireless Technologies.

Technology Standard Frequency band Maximum Range Positioning Power

data rate accuracy
865-868 MHz (Europe)

Passive UHF RFID Gen2 (ISO 18000-6C) 902-928 MHz (U.S.) 640 kb/s 10 m Meter level Low
950-956 MHz (Japan)
2.4-2.4835 GHz 250 kb/s

ZigBee IEEE 802.15.4 901-928 MHz 40 kb/s 10-300 m Meter level Low
868-868.6 MHz 20 kb/s

Bluetooth IEEE 802.15.1 2.4 GHz 723 kb/s 10 m Meter level Low
Wi-Fi IEEE 802.11 a/b/g 2.4 GHz; 5 GHz 10-105 Mb/s 10-100 m Meter level High

UWB IEEE 802.15.4a 3.1-10.6 GHz tens of Mb/s 10-100 m Centimeter level Low

1.1.3 IR-UWB: Opportunities and Challenges
Ever since the Federal Communications Commission (FCC) approved UWB for
commercial use in the 3.1 GHz to 10.6 GHz frequency band in 2002 [22], IR-UWB
has drawn explosive attention as a new type of short range wireless technology
for communication and localization. In contrast to conventional continuous-wave
modulated narrow band communication, the transmission of IR-UWB relies on
extremely-short duration pulses (on the order of nanosecond) with low duty cycle,
spanning up to several GHz frequency band with very low power spectral den-
sity. The short pulses promise both robust communication and high-precision po-
sitioning. The carrier-less UWB signal can be generated without any prior RF
mixing stage which potentially allows low-power and low-cost transceiver imple-
mentation [23, 24]. Those unique features make IR-UWB a promising solution for
IoT applications.

Nevertheless, to fulfill the expectations of IR-UWB technology, there are still
some challenges to overcome. One of the most significant challenges is the IR-UWB
receiver design. Comparing with the narrowband system, the UWB transmitter can
be extremely low-power and low-complexity, however, the receiver design is much
more complex and power-consuming due to the large signal bandwidth. Besides, the
ultra-short pulses also increase the difficulty of synchronization process especially
for burst manner short packet transmissions, such as in RFID and WSN applica-



4 CHAPTER 1. INTRODUCTION
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Figure 1.2: UHF/UWB hybrid RFID system with asymmetric links. Figure adapted
from Paper VI.

tions. There are already several works devoted to solve this problem and attempt to
employ IR-UWB radio in battery-less RFID systems. For example, a UHF/UWB
hybrid radio architecture with asymmetric links was proposed in [25,26]. As shown
in Figure 1.2, it uses the UHF radio as the downlink (from reader to tag) to power
up and control the tags, whereas IR-UWB radio is employed in the uplink (from
tag to reader) for massive data transmission. This hybrid radio architecture can
take full benefits of IR-UWB signal from the uplink, and at the same time avoid
the complex and power hungry UWB receiver on resource-limited tags by shifting
the burden to the reader side [26]. With an eye on the whole wireless link, this solu-
tion relaxes the power and cost constraints on the IR-UWB receiver design, solving
the problem by a devious path. On the other hand, research continues to explore
different architectures for IR-UWB receiver design, seeking promising solutions for
low-power and low-complexity implementations.

This dissertation is focused on the IR-UWB receiver design for IoT applications.
Due to the GHz signal bandwidth, traditional receivers requiring Nyquist rate ADC
will be overwhelmingly complex and power hungry, even for the UHF/UWB hybrid
RFID systems. Consequently, possible sub-Nyquist sampling techniques need to be
explored and investigated for the IR-UWB receiver design.

1.2 Thesis Contributions and Organization

1.2.1 Contributions
This dissertation studies two types of sub-Nyquist sampling principle for IR-UWB
receiver design, the Energy Detection (ED) principle and the Compressed Sens-
ing (CS) principle. Multidisciplinary research results covering different aspects
of the receiver design are provided, from system architecture, application specific
integrated circuit (ASIC) fabrication and prototyping, to signal processing for syn-
chronization and detection.

In the first part of this dissertation, a low-power energy detection IR-UWB
receiver featured by flexibility and multi-mode operation to better fit into various
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IoT applications is proposed. The receiver prototype for the 3-5 GHz band is
implemented and fabricated in 90 nm CMOS. Measurement results demonstrate
that 16.3 mW power consumption and -79 dBm sensitivity at 10 Mb/s data rate
can be achieved. A highly programmable timing circuit is the key enabler for the
flexibility and multi-mode operation of the proposed receiver. To cope with the
high frequency reference clock as well as the high programmability, a mixed-signal
design flow is adopted in the implementation of the timing circuit. To further
optimize the receiver performance, threshold optimization is suggested for the on-
off-keying (OOK) modulated signal, and adaptive synchronization and integration
region optimization based on the study of signal energy capture is proposed. Finally,
the problem of burst pulse burst packet detection in the context of wireless-powered
location-aware UWB RFID systems is addressed. A low complexity burst packet
detection scheme based on sensing the preamble signal characteristic instead of the
received signal strength is proposed. As a result, the detection is adaptive to the
variations of noise background and link distance.

In the second part of this dissertation, the IR-UWB receiver based on the emerg-
ing compressed sensing theory is investigated. Unlike the ED receiver which is at-
tractive due to its low power and low complexity implementation, the CS receiver
allows sub-Nyquist sampling without sacrificing any time domain resolution, which
is desirable in some IoT applications to meet the stringent ranging/positioning
requirements. First of all, based on the throughout study of the CS theory, appro-
priate sparse basis, sensing matrix and reconstruction algorithms are suggested for
the CS based IR-UWB receiver. And then, the first-ever architectural analysis of
the CS receiver with focuses on the random noise processes in the CS measurement
procedure is presented. At last, a novel two-path noise-reducing architecture for the
CS receiver is proposed. Besides the improvement on the receiver performance, the
proposed architecture also relaxes the hardware implementation of the CS random
projection as well as the back-end signal reconstruction.

The related work and contributions are mainly included in the following ap-
pended publications, which can be partitioned into two groups.

Sub-Nyquist Sampling IR-UWB Receiver I: Energy Detection

[Paper I] Qin Zhou, Jia Mao, Zhuo Zou, Fredrik Jonsson, and Li-Rong Zheng, “A
mixed-signal timing circuit in 90 nm CMOS for energy detection IR-UWB
receivers,” in IEEE International SOC Conference (SOCC 2010), pp. 413–
416, September 2010. [27]
Paper Contribution: This paper presents a flexible timing circuit with 1.1
ns delay resolution for energy detection IR-UWB receivers. Referenced at 900
MHz input clock, the circuit generates multi-phased integration windows and
reset signals that enable/disable the operation of analog blocks. The design
is highly programmable, adapting the receiver to pulse level synchronization,
symbol level synchronization, different data rates and various channel envi-
ronments. Mixed-signal design flow is adopted to avoid the complexity of full
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custom design and the large power consumption of full synthesized digital
design. The timing circuit is implemented in UMC 90 nm CMOS process,
with 219 µW power consumption and 190*295 µm2 die area.
The author’s contribution: The author came up with the idea, defined
the system specification, designed and implemented the circuit in CMOS,
conducted the circuit measurement, and wrote the manuscript.

[Paper II] Zhuo Zou, David Sarmiento Mendoza, Peng Wang, Qin Zhou, Jia Mao,
Fredrik Jonsson, Hannu Tenhunen, and Li-Rong Zheng, “A low-power and
flexible energy detection IR-UWB receiver for RFID and wireless sensor net-
works,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol.
58, no. 7, pp. 1470–1482, July 2011. [24]
Paper Contribution: This paper presents an energy detection IR-UWB
receiver for RFID and WSN applications. An ASIC consisting of a 3-5 GHz
analog front-end, a timing circuit and a high speed baseband controller is
implemented in a 90 nm standard CMOS technology. A Field-Programmable
Gate Array (FPGA) is employed as a reconfigurable back-end, enabling adap-
tive baseband algorithms and ranging estimations. The proposed architecture
is featured by high flexibility that adopts a wide range of pulse rate, process-
ing gain, correlation schemes, synchronization algorithms, and modulation
schemes (PPM/OOK). The receiver prototype was fabricated and measured.
The power consumption of the ASIC is 16.3 mW at 1 V power supply, which
promises a minimal energy consumption of 0.5 nJ/bit. The whole link is eval-
uated together with a UWB RFID tag. Bit error rate (BER) measurement
displays a sensitivity of -79 dBm at 10 Mb/s with 10−3 BER achieved by
the proposed receiver, corresponding to an operation distance over 10 meters
under the FCC regulation.
The author’s contribution: The author participated in defining the system
architecture and specification, involved in the circuit design and implementa-
tion, conducted the chip measurement, and wrote parts of the manuscript.

[Paper III] Jia Mao, David Sarmiento Mendoza, Qin Zhou, Jian Chen, Peng
Wang, Zhuo Zou, Fredrik Jonsson, and Li-Rong Zheng, “A 90 nm CMOS
UHF/UWB asymmetric transceiver for RFID readers,” in European Solid
State Circuits Conference (ESSCIRC 2011), pp. 179–182, September 2011.
[28]
Paper Contribution: This paper presents an integrated asymmetric transc-
eiver in 90 nm CMOS technology for RFID reader. The proposed reader uses
UHF transmitter to power up and inventory the tags. In the reverse link, a
non-coherent energy detection IR-UWB receiver is deployed for data recep-
tion with high throughput and ranging capability. The transmitter delivers
160 kb/s ASK modulated data by an integrated modulator and a Digital
Controlled Oscillator (DCO) in UHF band with 11% tuning range. The DCO
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consumes 6 mW with 0.12 mm2 area. On the other side, adopting two inte-
gration channels, the 3-5 GHz energy detection receiver supports maximum
33 Mb/s data rate both in OOK and PPM modulations. The receiver front-
end provides 59 dB voltage gain and 8.5 dB noise figure (NF). Measurement
results show that the receiver achieves an input sensitivity of -79 dBm at 10
Mb/s, with power consumption of 15.5 mW.
The author’s contribution: The author participated in defining the system
architecture and specification, involved in the circuit design and implementa-
tion, conducted the chip measurement.

[Paper IV] Qin Zhou, Zhuo Zou, Fredrik Jonsson, and Li-Rong Zheng, “A flexible
back-end with optimum threshold estimation for OOK based energy detection
IR-UWB receivers,” in IEEE International Conference on Ultra-Wideband
(ICUWB 2011), pp. 130–134, September 2011. [29]
Paper Contribution: This paper presents an on-off keying (OOK) based
energy detection IR-UWB receiver with focus on the back-end design. In order
to optimize the receiver performance according to different multi-path envi-
ronment, variable integration interval and adaptive threshold optimization are
considered in the proposed back-end which is composed by a programmable
timing circuit and a reconfigurable baseband processor. The timing circuit
is able to generate multi-phased integration windows with wide-range vari-
able integration interval and is implemented in 90 nm CMOS process. Novel
schemes on synchronization and optimum threshold estimation are suggested
for baseband processing. The proposed synchronization scheme is based on
maximum energy variance (between symbol ‘0’ and ‘1’) detection, covering
both the pulse level and symbol level synchronization. And the scheme for op-
timum threshold estimation is based on look up table, enabling low complex-
ity implementation. System simulation with IEEE 802.15.4a channel models
shows an appreciable improvement on the bit error rate (BER) performance
compared with the conventional scheme.
The author’s contribution: The author came up with the idea, conducted
the theoretical derivation and system simulation, analyzed and evaluated the
simulation results, and wrote the manuscript.

[Paper V] Qin Zhou, Zhuo Zou, Hannu Tenhunen, Li-Rong Zheng, “Adaptive
synchronization and integration region optimization for energy detection IR-
UWB receivers,” in IEEE International Conference on Ultra-Wideband (ICU-
WB 2012), pp. 62–66, September 2012. [30]
Paper Contribution: The performance of energy detection receivers is usu-
ally suffered from the noise enhancement due to the large time-bandwidth
product. The integration region of the receiver integrator significantly affects
the bit error rate (BER) performance. This paper presents a method of syn-
chronization and estimating the optimal integration region (i.e., the starting
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point and the length of the integration window), which is based on the analysis
of received signal energy capture and combined with a time of arrival (TOA)
estimation. The proposed scheme is based on the symbol rate sampling and
does not require a priori information about the channel delay profile. Besides,
it can adapt to various indoor channel environments. The algorithm has a
moderate accuracy but a very low complexity and fast synchronization speed.
The validity of the proposed approach is demonstrated by numerical results
using IEEE 802.15.4a channel models.
The author’s contribution: The author came up with the idea, conducted
the system simulation, analyzed and evaluated the simulation results, and
wrote the manuscript.

[Paper VI] Qin Zhou, Zhuo Zou, Qiang Chen, Hannu Tenhunen, Li-Rong Zheng,
“Low complexity burst packet detection for wireless-powered UWB RFID sys-
tems,” in IEEE International Conference on Ubiquitous Wireless Broadband
(ICUWB 2015), pp. 1–5, October 2015. [31]
Paper Contribution: This paper addresses the issue of UWB signal acquisi-
tion in the context of wireless powered UWB RFID systems. In this scenario,
the data transmission is based on short packet so as to meet the micro-power
budget of autonomous power harvesting. The burst short packet transmis-
sion as well as the low duty cycling UWB pulse modulation places a stringent
challenge at the UWB receiver for timing acquisition and packet detection.
Besides, in a positioning enabled RFID system where variable signal-to-noise
ratio (SNR) due to the variable link distance and noise background is unavoid-
able, conventional packet detection schemes rely on predefined threshold can
hardly achieve good performance. In this study, we propose a low complexity
method for burst packet detection. It is performed by sensing the preamble
signal characteristic instead of the received signal strength, and thus bypass-
ing the necessity of detection threshold. The validity of the proposed approach
and its adaptivity to SNR variations is demonstrated by simulation results as
well as field test with a UWB software defined radio (SDR) platform.
The author’s contribution: The author came up with the idea, conducted
the system simulation and field test, analyzed and evaluated the results, and
wrote the manuscript.

Other publications not included in this thesis but related are [32,33].

Sub-Nyquist Sampling IR-UWB Receiver II: Compressed Sensing

[Paper VII] Qin Zhou, Zhuo Zou, Hannu Tenhunen, and Li-Rong Zheng, “Explo-
ration and performance evaluation of a compressed sensing based IR-UWB
receiver,” in IEEE International Conference on Ultra-Wideband (ICUWB
2013), pp. 226–230, September 2013. [34]
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Paper Contribution: This paper provides an exploration of the CS-based
IR-UWB receiver from different aspects: front-end hardware architectures,
back-end signal processing algorithms as well as application scenarios. And
the performance of the CS receiver regarding the number of CS measurement
and different CS recovery algorithms is evaluated and compared against the
conventional sub-Nyquist sampling receiver based on energy detection (ED)
scheme. Moreover, a strategy to improve the CS receiver performance in han-
dling UWB signals with heavy noise and multipath propagation is proposed.
The author’s contribution: The author came up with the idea, conducted
the system simulation, analyzed and evaluated the simulation results, and
wrote the manuscript.

[Paper VIII] Qin Zhou, Zhuo Zou, Hannu Tenhunen, and Li-Rong Zheng, “Ar-
chitectural analysis of compressed sensing based IR-UWB receiver for commu-
nication and ranging,” in IEEE International Conference on Ultra-Wideband
(ICUWB 2014), pp. 222–227, September 2014. [35]
Paper Contribution: This paper presents an architectural analysis of the
CS-based IR-UWB receiver with focuses on investigating the random noise
processes in the CS measurement procedure. We find that different noise
sources (sky noise or amplifier noise) and different receiver architectures (par-
allel or serial) will results in different noise situation (correlated or uncorre-
lated) in the CS measurement procedure. Bit error rate (BER) simulation for
a communication system and time-of-arrival (TOA) estimation for a ranging
system in additive white Gaussian noise (AWGN) channel as well as IEEE
802.15.4a CM1 channel are performed. It shows that CS-based signal detec-
tion in uncorrelated noise situation outperforms the correlated noise situation.
This noise driven architectural analysis can be used as a design guideline for
the CS-based IR-UWB receiver regarding different application scenarios.
The author’s contribution: The author came up with the idea, performed
the noise-based architectural analysis, conducted the system simulation, an-
alyzed and evaluated the simulation results, and wrote the manuscript.

[Paper IX] Qin Zhou, Zhuo Zou, Qiang Chen, Hannu Tenhunen, and Li-Rong
Zheng, “Noise-reducing architecture of compressed sensing receiver for IR-
UWB ranging systems,” accepted for publication in IEEE International Con-
ference on Ubiquitous Wireless Broadband (ICUWB 2016), October 2016.
Paper Contribution: A compressed sensing (CS) based impulse radio ultra-
wideband (IR-UWB) receiver with two-path noise-reducing RF front-end ar-
chitecture is proposed in this paper. By adding an identical input path (an-
tenna and gain stage) together with a mixer, the noise in the received signal
before feeding into the CS sampling block is alleviated comparing with the
conventional CS receiver. Moreover, the mixing stage shifts the signal fre-
quency spectrum to the lower band which eases the CS sampling hardware as
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well as the complexity of back-end signal reconstruction. Simulation results
for a ranging system validate that the proposed CS receiver significantly out-
performs the conventional one in both additive white Gaussian noise (AWGN)
channel and IEEE 802.15.4a multi-path channel.
The author’s contribution: The author came up with the idea, conducted
the system simulation, analyzed and evaluated the simulation results, and
wrote the manuscript.

1.2.2 Thesis Organization
This dissertation is comprised of two parts, a cover essay and a collection of papers
in appendices. The cover essay as the first part gives the readers the research
background and motivations. It also introduces the conducted research work in
a concise manner. Figure 1.3 shows the navigation diagram of this dissertation,
which is organized as follows.

Chapter 2 gives a comprehensive introduction of UWB technology. It covers
the key features and benefits of UWB signals, UWB transmission issues as well as
an overview on the IR-UWB receiver design.

Chapter 3 explores the sub-Nyquist sampling IR-UWB receiver based on the
energy detection principle. A flexible and low-power energy detection receiver with
a highly programmable timing circuit is designed and implemented. Moreover,
back-end signal processing algorithms for optimum threshold estimation, adaptive
synchronization and integration region optimization, as well as low complexity burst
packet detection are proposed.

Chapter 4 investigates another type of sub-Nyquist sampling IR-UWB receiver
which is based on the compressed sensing theory. The performance of the CS
receiver regarding different design parameters is evaluated and analyzed, followed
by a noise driven architectural analysis. Besides, a noise-reducing architecture for
improved ranging performance is proposed.

Chapter 5 concludes this dissertation by providing a summary of main contri-
butions and some suggestions for future research.
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Chapter 2

Overview of UWB Technology

Ultra-Wideband (UWB) technology has attracted much attention for applications
in wireless communication and localization ever since the Federal Communications
Commission (FCC) approved UWB for commercial use in the 3.1 GHz to 10.6 GHz
frequency band in 2002 [22]. This chapter first presents the fundamentals of UWB,
including its definition, unique benefits and potential applications. Followed by the
introduction of UWB signals with focuses on IR-UWB pulse generation, modulation
and channel characteristic. Finally, an overview on the IR-UWB receiver design
is provided. The design challenges and the pros and cons of the most common
receiver architectures are discussed.

2.1 Fundamentals of UWB

2.1.1 History, Definition and Regulations
UWB communication spreads signals across a very wide range of bandwidth, instead
of broadcasting on separate frequencies as the conventional narrowband wireless
transmission. Although the universally adopted method of wireless communica-
tion nowadays is the continuous sinusoidal wave based narrowband transmission,
the very first wireless transmission in 1894 is actually an impulse based UWB
transmission. The transmission is via the Spark Gap Emitter invented by Italian
scientist Guglielmo Marconi. Within the past few decades, accelerating develop-
ments in analog and digital electronics and UWB signal theory have opened a new
era for practical UWB communication systems. On February 14, 2002, the United
States FCC adopted the First Report and Order allowing commercial deployment
of UWB devices with a given spectral mask requirement [22]. This historical event
‘sparked’ exponential increase of interest in UWB in both academia and industry.

According to the proposed definition by FCC [22], a signal is called UWB if it
has a fractional bandwidth equal to or greater than 0.2, or an absolute bandwidth of
at least 500 MHz regardless of the fractional bandwidth. The absolute bandwidth
is the frequency band between the upper frequency fH of the -10 dB emission point

13
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and the lower frequency fL of the -10 dB emission point, given by

B = fH − fL, (2.1)

which is also refer to as “-10 dB bandwidth”. On the other hand, the fractional
bandwidth is calculated as

Bf = B

fc
= fH − fL

(fH + fL)/2 , (2.2)

where fc is the center frequency defined as fc = (fH + fL)/2.
UWB signals span a very large portion in the spectrum. To avoid significant

interference with existing users, the FCC specifies the power emission limits in
certain frequency bands for various types of UWB applications. The emission limits
are assigned in terms of equivalent isotropically radiated power (EIRP)1. Figure 2.1
shows the spectral mask for indoor and outdoor applications in the United States
under Part 15 of the commission’s rules [22]2. A wide spectrum up to 7.5 GHz is
available between 3.1 GHz and 10.6 GHz at the EIRP limit of -41.3 dBm/MHz,
which becomes the main spectrum target for most UWB systems.

2.1.2 Benefits and Potential Applications
Ultra-Wideband technology3, usually refers to as Impulse Radio Ultra-Wideband
(IR-UWB). Figure 2.2 illustrates an example of IR-UWB signals. Based on the
transmission of ultra-short pulses (on the order of subnanoseconds) spanning up
to several GHz frequency band with very low power spectral density, IR-UWB
has several unique features and benefits that make it different from traditional
narrowband systems. Those key benefits are listed as follows.

• High speed communication. Thanks to the large signal bandwidth, UWB
has a great potential to provide high data rate wireless communication over
short and medium range.

• Scalability. The duty cycled pulse transmission enables the scalability of ra-
dio links in terms of data rate, communication range and power. For example,
longer communication range can be achieved by lowering the data rate.

• Multipath and interference immunity. The large bandwidth promises
a large frequency diversity as well as a very high time domain resolution of
the multipath, together with low duty-cycled transmission, improves the link
robustness against multipath and interference [40].

1EIRP is defined as “the product of the power supplied to the antenna and the antenna gain
in a direction relative to an isotropic antenna” [36].

2The spectral masks have some differences depending on applications and regions of the world.
3At present, there are two types of UWB technology. One is based on orthogonal frequency

division multiplexing (OFDM), namely Multi-Band (MB) OFDM UWB [38], which will be briefly
introduced in the next section. And the other is based on extremely-short duration pulses, namely
Impulse Radio UWB (IR-UWB) [39]. This dissertation is focused on the IR-UWB technology.
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Figure 2.1: FCC spectral mask for UWB systems. Figure from [37].
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Figure 2.2: IR-UWB signal versus traditional narrowband signal.

• High-precision ranging and positioning. The high time domain resolu-
tion (on the order of subnanoseconds) of UWB pulses also enables ranging
and positioning with sub-meter precision.

• Superior penetration capability. Spanning over a wide range of frequen-
cies, UWB signals are able to penetrate effectively through various materials.
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This is particularly true for the low frequencies of UWB signals, which have
long wavelengths leading to superior penetration capability through different
materials [41].

• Low-power and low-cost transmitter implementation. The UWB
pulse can be generated and propagate without any RF mixing stage and
thus allows extremely low-power and low-cost transmitter implementation.

Due to the above-mentioned features and benefits, UWB technology is attractive
in a wide range of application scenarios as depicted in Figure 2.3 and summarized
as follows.

• High data rate applications (IEEE 802.15.3a [42]). UWB links are
expected to replace cable connections with high data rate that range from
100 kb/s to 100 Mb/s. For example, wireless connectivity between a host PC
and associated peripherals (mouse, keyboard, USB, printer, etc.), home and
professional media networking (digital TV, audio CD, DVD, digital camera,
etc.).

• Low data rate applications (IEEE 802.15.4a [43]). IR-UWB is widely
considered for low data rate applications combined with precise tracking and
positioning capability, such as WSN and RFID. In fact, the low-rate wire-
less personal area network (WPAN) standard IEEE 802.15.4a is primarily
focused on tracking and positioning applications. For instance, personnel
and asset tracking, mobile inventory, environmental monitoring and control
of home/office. Industry pioneers have already launched several commercial
products for identification and real-time location system (RTLS), such as De-
caWave [44], Time Domain [45], Ubisense [46], Zebra [47] and BeSpoon [48].

• Radar applications. The superior penetration capability makes UWB at-
tractive to radar imaging systems, such as through-wall radar imaging [49],
medical imaging [50] and ground penetration radar [51]. Besides, due to the
high time-domain resolution and accurate ranging capability, UWB can be
adopted for vehicular radar systems for road anti-collision [52], parking guid-
ance [53], etc.

2.2 Generation of UWB Signals

Generally, there are two types of UWB signaling scheme: 1) Multi-Band orthogonal
frequency division multiplexing (MB-OFDM) UWB, and 2) Impulse Radio (IR)
UWB.

The MB-OFDM scheme divides the large UWB spectrum into multiple sub-
bands with a -10 dB bandwidth of at least 500 MHz, and in each sub-band operate
as a conventional narrow-band radio. Thus the information bit stream is interleaved
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Figure 2.3: UWB application scenarios.

in several parallel low-data-rate streams, with different and orthogonal modulation
carriers (subcarriers) for each of them [54]. MB-OFDM UWB has been primarily
used for short range high speed wireless communications such as wireless USB and
streaming video. It has been proposed for the physical layer standard of future
high speed WPAN (IEEE 802.15.3a). In this MB-OFDM WPAN proposal, the 3.1
to 10.6 GHz frequency band is divided into 14 sub-bands with 528 MHz bandwidth
for each that may be added or dropped according to the interference from or to
other systems [55]. It supports high data rates up to 480 Mb/s, and the desired
operation range is 2 m for 480 Mb/s and 10 m for 110 Mb/s [55]. With hundreds of
milliwatt level power consumption, the MB-OFDM UWB systems are not suitable
for power-constrained RFID and WSN applications.

On the other hand, IR-UWB transmits ultra-short pulses spanning up to sev-
eral GHz frequency band without dividing it into sub-bands. The very low duty
cycle leads to low average transmission power. Generally there are two different
approaches for IR-UWB signal generation, carrier-based approach (e.g., [56, 57])
and carrier-less approach (e.g., [58, 59]).

The carrier-based IR-UWB signal can be generated by up-converting a baseband
envelope to a center frequency in the targeted UWB band (mixing the envelope with
a local oscillator (LO)) [60]. This architecture offers better spectrum utilization
enabling spectrum diversity and tunability [61]. Besides, the generated signal with
phase information relaxes the signal processing at the receiver side to some extent.
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However, the mixer and the LO operating at the pulse center frequency bring about
high circuit complexity and power consumption, which is unaffordable for passive
tags.

The carrier-less approach directly generates the IR-UWB pulse in baseband
without any frequency conversion, eliminating the necessity of LOs and mixers.
Thus, the implementation of the carrier-less IR-UWB transmitter can be extremely
low-complexity and low-power. The impulse is usually generated using logic gates
with sub-nanosecond delay elements defining the pulse width, followed by a pulse
shaping filter [62].

A bell shape Gaussian pulse can be generated in the easiest way by a pulse
generator. The Gaussian pulse can be expressed as:

p(t) = ± 1√
2πσ2

e−( t2
2σ2 ) = ±

√
2
α
e−

2πt2
α2 (2.3)

where α2 = 4πσ2 is the shape factor and σ2 is the variance. The Gaussian deriva-
tives which remove the DC offset of the basic Gaussian pulse and better fall into
the UWB band are ideal to be adopted as the carrier-less IR-UWB signals. An
example of waveforms and power spectral density (PSD) of the first 12 derivatives
of Gaussian pulse are shown in Figure 2.4 and Figure 2.5, respectively [63].

2.3 IR-UWB Modulations

Different modulation schemes can be used to encode data onto IR-UWB pulses.
Figure 2.6 depicts the most widely used modulation schemes in IR-UWB systems:
binary phase shift keying (BPSK), on-off keying (OOK) and pulse position modu-
lation (PPM).

BPSK modulation encodes binary data onto the polarity of IR-UWB pulses.
The modulated signal can be formulated as

s(t) =
+∞∑

k=−∞
dkptx(t− kTf ), dk = 1,−1 (2.4)

where ptx represents the transmitted pulse waveform and Tf is the pulse repetition
interval. BPSK promises 3 dB gain in power efficiency comparing with OOK and
PPM. Besides, it provides a smooth power spectrum since the change of polarity
can remove the PSD spectral lines [55]. However, it only works for carrier-based
IR-UWB systems where accurate phase generation and coherent demodulation is
feasible.

OOK modulation uses the presence and absence of the transmitted pulses to
represent a data bit “1” and “0”, respectively. The OOK modulated signal is given
by

s(t) =
+∞∑

k=−∞
dkptx(t− kTf ), dk = 1, 0 (2.5)
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Figure 2.4: Waveforms of the first 12 derivatives of Gaussian pulse with α =
0.714ns.

This modulation scheme has no restrictions on the type of IR-UWB signals, no
matter carrier-based or carrier-less. And it only requires non-coherent demodula-
tion. OOK is the simplest scheme for IR-UWB modulation, resulting in the lowest
achievable complexity of transceiver design.

PPM is another modulation scheme which allows non-coherent detection. It
uses a time shift δPPM with respect to the position reference to distinguish a data
bit “1” and a data bit “0”. The modulated signal can be expressed as

s(t) =
+∞∑

k=−∞
ptx(t− kTf − dkδPPM ), dk = 1, 0 (2.6)

Comparing with OOK modulation, PPM is efficient in minimizing the spectral
peaks caused by pulse repetitions in time [55]. However, it suffers from its sensitivity
to timing mismatch caused by imperfect synchronization.
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2.4 UWB Channels

After passing through a propagation environment, the UWB signal arrived at the
receiver side is very much different from the original transmitted signal. Due to the
obstacles in the environment, e.g., walls, ceilings and furniture, the received signal
are multiple versions of the transmitted signal with different attenuated amplitudes
and delays. Besides, it also suffers from noises and possibly interferences. The
received signal can then be modeled as [55]

r(t) =
L−1∑
l=0

αls(t− τl) + n(t), (2.7)

where L is the total number of multi-path components. αl and τl denotes the fading
coefficient and the delay of the l-th path, respectively. The term n(t) is the additive
white Gaussian noise (AWGN) with double-sided power spectral density N0/2.

In the UWB engineering community, IEEE 802.15.3a/4a channel models are
widely adopted. IEEE 802.15.3a channel models [64] are characterized for high
data rate applications while IEEE 802.15.4a channel models [65] are characterized
for low data rate applications. With the focus of this dissertation on the low data
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rate IoT applications, Table 2.1 gives a summary of the 802.15.4a channel models
for different propagation environment. An example of one channel realization for
each channel model is shown in Figure 2.7.

Table 2.1: IEEE 802.15.4a Channel Models.

Channel Model Propagation Environment LOS/NLOS
CM1 Residential (7-20 m) LOS
CM2 Residential (7-20 m) NLOS
CM3 Indoor Office (3-28 m) LOS
CM4 Indoor Office (3-28 m) NLOS
CM5 Outdoor (5-17 m) LOS
CM6 Outdoor (5-17 m) NLOS
CM7 Industrial (2-8 m) LOS
CM8 Industrial (2-8 m) NLOS
CM9 Open Outdoor NLOS
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2.5 IR-UWB Receiver Overview

2.5.1 Review of IR-UWB Receiver Architectures
Over the last decade, various architectures were introduced in literature for the IR-
UWB receiver design. Those different candidates range from high performance all
digital receivers [66–68], analog correlation receivers [69–72], low complexity trans-
mitted reference (TR) receivers [73,74] and energy detection (ED) receivers [75–78],
to the recent emerging compressed sensing (CS) receivers [79–82]. They mainly
distinguished from each other in two aspects. One aspect is where to locate the
analog-to-digital converter (ADC) or indeed the sampling rate of the ADC. And the
other is how to implement the signal correlation in the analog domain: with which
signal, random sequence or pulse template, and in a coherent or non-coherent way.
This section reviews the basic architecture of those receiver alternatives, and the
main pros and cons of each architecture are summarized.

All Digital Receiver

There are many works, e.g., [66–68] target on the all digital or mostly digital im-
plementations of IR-UWB receiver in order to reduce the analog complexity. In
those architectures, the ADC is placed as close to the antenna as is reasonable.
Figure 2.8a shows an example of the all digital receiver architecture. The incoming
signal is directly digitized after amplification (and quadrature down-conversion for
the carrier based IR-UWB signals), moving most of the signal processing, such as
matched filtering and RAKE reception, to the digital domain. This architecture
guarantees an optimal receiver performance and reserves the high time domain
resolution of the incoming signal. Besides, it provides a large design flexibility to
the resulting receiver, enabling fast prototyping and reconfiguration. However, the
Nyquist-rate sampling ADC is required in this architecture, which is extremely
complex and power hungry. This is even more unacceptable for the carrier-less im-
pulse radio, where no frequency down-conversion can be performed ahead, leading
to a big challenge for the state-of-the-art ADC design.

• Pros: optimal performance, high flexibility.

• Cons: Nyquist-rate ADC, high complexity implementation and power con-
suming.

Analog Correlation Receiver

To avoid the complex and power consuming Nyquist-rate ADC, analog correlation
receiver as shown in Figure 2.8b performs the matched filtering in the analog do-
main. The receiver performance is however very much depend on the accurate
analog generation of the pulse template and is very sensitive to timing mismatch
and clock jitter. The quadrature analog correlation (QAC) receiver [70, 71] con-
quers these challenges by using a quadrature windowed sine-wave as the matching
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template [72]. The QAC receiver is usually adopted in carrier-based IR-UWB sys-
tems. The windowed sine-wave which can be easily generated in the analog domain
is then well matched with the transmitted signal [26]. Accurate frequency com-
ponent, such as phase-locked loop (PLL), is critical for the QAC receiver. Thus,
to relax the complexity and power consumption of the PLL, QAC receiver usually
works at a relatively low UWB frequency band with limited bandwidth (e.g., 500
MHz).

• Pros: superior performance.

• Cons: require accurate pulse template, sensitive to timing mismatch and
clock jitter.

Transmitted Reference Receiver

The architecture of the transmitted reference (TR) receiver is given in Figure
2.8c [73, 74]. The basic principle of the TR scheme is to transmit a pair of UWB
pulses per frame, one serves as the reference (unmodulated) pulse and the other
is the data carrying (modulated) pulse. The reference pulse is delayed through
an analog delay line to serve as the correlation template for the data pulse [72].
As a result, the TR receiver automatically captures all the multi-path components
and avoids the necessity of accurate channel estimation which is highly important
for an analog correlation receiver. It is especially beneficial when transmitting
through an unknown channel with severe distortion or in a dense multi-path envi-
ronment [83, 84]. However, this advantage comes at the expense of several dB bit
error rate (BER) performance degradation due to the accumulated noise power.
Another drawback of the TR scheme is the energy wasted for transmitting the ref-
erence pulses. Besides, it is very challenging to integrate wideband delay lines with
large delay values on silicon [85].

• Pros: low complexity sub-Nyquist sampling, avoid stringent channel estima-
tion.

• Cons: a few dB performance degradation, energy wasted for reference pulse,
implementation challenge of wideband delay lines with large delay values.

Energy Detection Receiver

Energy detection (ED) is the most simple receiver architecture suggested for IR-
UWB systems, as depicted in Figure 2.8d [75–78]. It is based on the autocorrelation
of the incoming signal [72]. Thus, neither accurate template generation nor analog
delay lines are required in ED receivers. Although lowest power consumption and
implementation cost can be achieved with the ED scheme, it suffers from a degra-
dation of BER performance and time domain resolution compared with coherent
receivers.
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• Pros: sub-Nyquist sampling, lowest power consumption and implementation
cost.

• Cons: degradation of BER performance and time domain resolution.

Compressed Sensing Receiver

Compressed sensing (CS) receiver shown in Figure 2.8e is recently proposed aiming
at reducing the ADC sampling rate without sacrificing the time domain resolution
of the UWB signal [79–82]. It is based on the compressed sensing theory which
suggests that, a signal can be acquired and recovered with far fewer samples than
that required by Nyquist sampling theorem as long as the signal has a sparse
representation in some domain [86,87]. For the recovery of each transmitted pulse,
multiple CS measurement processes are required which either results in repeated
transmission of the information pulse or increased parallel branches of the front-end
hardware. So far the CS-based IR-UWB receiver has not been throughly studied,
especially in the hardware implementation perspective.

• Pros: sub-Nyquist sampling without sacrificing time domain resolution.

• Cons: multiple CS measurements for each pulse recovery.

2.5.2 Promising Rx Candidate for IoT applications
Ideally, a receiver that can provide optimal performance, high operation flexibility,
and at the same time enable low power and low cost integrated hardware implemen-
tation is desired for future RFID and WSN applications towards the IoT. However,
accommodating all these advantages in one single receiver architecture might not be
possible. In Section 2.5.1, several most common receiver architectures are reviewed.
It reveals that each Rx option has its own trade-offs in terms of operation flexi-
bility, performance, hardware complexity, power consumption, etc. Furthermore,
the applicability of the Rx candidate also subjects to the type of IR-UWB signal
(carrier-based or carrier-less), modulation scheme, channel characteristic (sparse or
dense multi-path) as well as application scenario.

Concentrated on low power and low cost RFID and WSN applications, this
dissertation mainly copes with the carrier-less IR-UWB signals. As mentioned in
Section 2.2, the carrier-based signal requires the deployment of the mixer and the
local oscillator operating at the pulse center frequency for both Tx and Rx. The
resulting high circuit complexity and power consumption is unaffordable for passive
tags. Currently, the implementation of all digital receiver is not feasible for carrier-
less IR-UWB signals. Without pre-down-conversion, direct sampling of the signal
with several GHz bandwidth and center frequency is beyond the capability of the
state-of-the-art ADC design. On the other hand, the QAC receiver only preferable
for the reception of the carrier-based IR-UWB signal with limited bandwidth (e.g.,
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500 MHz). The transmitted reference receiver enables low complexity sub-Nyquist
sampling, nevertheless, to the best of the author’s knowledge, it hasn’t been imple-
mented in hardware so far due to the difficulty of integrating wideband delay lines
with large delay values on silicon.

The sub-Nyquist sampling energy detection receiver appears as a promising
candidate. Recently, several literatures [76–78] about the ASIC design of the ED
receiver have published, which demonstrate the feasibility of low-power and low-
complexity implementation. Besides, research efforts continue to improve the per-
formance of ED receivers so as to close the performance gap with respect to the
coherent ones.

The compressed sensing based IR-UWB receiver emerged recently as another
promising candidate. The most attractive feature of the CS receiver is sub-Nyquist
sampling without sacrificing any time domain resolution, which is highly desired in
stringent ranging/positioning applications. Several research pioneers [79, 88] have
introduced the compressed sensing theory into the IR-UWB receiver design ever
since the CS theory proposed in 2006 [86, 87]. Nevertheless, the research oppor-
tunities for the design of CS receiver are still wide open. Many issues, especially
in the hardware implementation perspective, need to be addressed before entering
practical applications.

2.6 Summary

This chapter provides a comprehensive introduction of the UWB technology. The
fundamentals of the UWB signal as well as transmission related issues such as
regulation, modulation and channel modeling were studied, which serves as the
background knowledge for the following chapters. The highlight of this chapter
was given to the overview of IR-UWB receiver design. Various receiver architec-
tures were investigated and the pros and cons of each architecture were discussed.
Based on the discussion of all the trade-offs of the receiver design as well as the
consideration of the whole IR-UWB system for IoT applications, we narrowed our
focuses to the two most promising sub-Nyquist sampling candidates: the energy
detection receiver and the compressed sensing receiver. The design issues of the
ED and CS receiver will be addressed in the next two chapters respectively.
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Figure 2.7: Example of one channel realization for CM1 - CM8, respectively.
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Figure 2.8: Different architectures of IR-UWB receiver.





Chapter 3

Sub-Nyquist Sampling IR-UWB Receiver I:
Energy Detection

Energy detection is an attractive scheme for the IR-UWB receiver design. By simply
performing “square, integrate, and symbol-rate sampling”, it provides a low power
and low complexity solution for the receiver design. In this chapter, a flexible and
low-power energy detection IR-UWB receiver for RFID and WSN applications is
presented, with a highlight on the design of a highly programmable timing circuit
which is the key enabler for the receiver flexibility and reconfigurability. Following
that, the back-end signal processing aiming to improve the link performance is
developed, which includes the optimum threshold estimation for OOK modulated
signal, the adaptive synchronization and integration region optimization. Finally, a
low complexity method for burst packet detection in the context of wireless powered
UWB RFID systems is proposed.

3.1 Basic Principle of Energy Detection

The block diagram of an energy detection IR-UWB receiver is shown in Figure 3.1.
The received signal is first passing through a bandpass filter (BPF), amplified by a
low noise amplifier (LNA), and then fed into the square law device and the integra-
tor. The analog-to-digital converter (ADC) samples the output of the integrator at
each data (also referred to as symbol) boundary. The digitized samples are then
sent into the digital back-end for synchronization and demodulation.

As discussed in Section 2.3, both pulse position modulation (PPM) and on-
off keying (OOK) modulated signal can be demodulated by an ED receiver. And
multiple pulses can be combined to represent one bit information in order to achieve
processing gain combating noises and interferences. Figure 3.2 sketches an example
of the signaling of energy detection scheme with OOK modulated signal.

29
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Figure 3.1: Block diagram of an energy detection IR-UWB receiver. Figure adapted
from Paper I.
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Figure 3.2: Signaling of energy detection with OOK modulated signal. Figure
adapted from Paper I.

3.2 A Flexible and Low-Power ED Receiver

The design and implementation of an energy detection IR-UWB receiver for RFID
and WSN applications is presented in this section. In order to support adaptive link
in dynamic circumstances, e.g., scalable system capacity, different power and energy
condition, quality of service (QoS) requirement, coverage, and channel environment,
the proposed receiver is highly flexible and reconfigurable in terms of pulse rate
(512 kHz-33 MHz), processing gain (0-18 dB), integration window length as well
as modulation schemes (OOK/PPM) [24]. The ASIC prototype of the receiver is
implemented and fabricated in 90 nm CMOS process. The power consumption of
the ASIC is 16.3 mW at 1 V power supply, which guarantees a minimum energy
consumption of 0.5 nJ/bit. Measurement results exhibit that -79 dBm sensitivity at
10 Mb/s with 10−3 BER can be achieved, corresponding to over 10 meters operation
range under the FCC regulation [24].
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Figure 3.3: The architecture of the proposed flexible energy detection IR-UWB
receiver. Figure adapted from Paper II.

3.2.1 Receiver Architecture

The architecture of the proposed flexible energy detection IR-UWB receiver is
shown in Figure 3.3. To facilitate and enhance its flexibility, the receiver prototype
is partitioned into an ASIC part and a field-programmable gate array (FPGA) part.
A 3-5 GHz analog front-end (AFE), a timing circuit as well as a baseband controller
are implemented in ASIC. The AFE is composed by an LNA, a wideband variable
gain amplifier (VGA), and two channels of signal path comprised of a square law
device, an integrator and a baseband VGA. On the other hand, the digital back-end
is implemented in FPGA. It is responsible for baseband processing such as channel
estimation, pulse/symbol level synchronization, data demodulation, time-of-arrival
(TOA) ranging and so on. Besides, the back-end also handles the real time control
of the ASIC to accommodate different operation modes [24].

The two-interleaved-channel architecture of the AFE is adopted to assist fast
synchronization and TOA estimation where parallel processing is required. Besides,
it is also applied to perform PPM demodulation when the integration windows for
“1” and “0” are overlapped (δPPM is shorter than the optimal integration window
length) [24].

The highly programmable timing circuit together with the high speed baseband
controller is the core of the proposed flexible receiver. It controls the operation
of the two channels of integrator bank independently, enabling a wide range of
reconfigurability, such as pulse rate, processing gain, integration window phase and
length, etc. Hence, receiver performance optimization, link adaptation as well as
multi-mode operation can be achieved.
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Table 3.1: Comparisons of the Proposed IR-UWB Receiver with Previous Published
Works (JSSC 101 [78], TCAS 09 [77], JSSC 102 [70], ISSCC 06 [71]). Table adapted
from Paper II.

Ref. JSSC 101 TCAS 09 * JSSC 102 ISSCC 06 This Work

Technology 90 nm 180 nm 130 nm 180 nm 90 nm

Architecture ED ED QAC/CB-IR QAC/CB-IR ED

Frequency band 3-5 GHz † 7.25-8.5 GHz 0-960 MHz 3-5 GHz 3-5 GHz

Max. Data Rate 16 Mb/s 100 kb/s 39 Mb/s 20 Mb/s 33 Mb/s

Power 22.5 mW 5.4 mW 4.2 mW 28.8 mW 16.3 mW ◆

Min. Energy/bit 1.4 nJ/bit 54 nJ/bit 0.108 nJ/bit 1.44 nJ/bit 0.5 nJ/bit

Normalized Sens.@100 kb/s -98 dBm -89 dBm -78 dBm n.a. -99 dBm

† 500 MHz sub-band is used; 

* simulated, only mixer and integrator;

◆ the backend and the ADC are not included.

3.2.2 Implementation and Measurement Results

The ASIC part of the receiver prototype is implemented in UMC 90 nm CMOS
process, and the flexible digital back-end is implemented using Altera Cyclone III
FPGA development kit. A high speed mezzanine card (HSMC) from Altera is
employed to bridge the ASIC part and the FPGA part. Figure 3.4 shows the chip
micrograph of the receiver ASIC, which has an active area of 1.1 mm2 [24].

Measurement results demonstrate that the power consumption is as low as 16.3
mW for single channel operation and 22.3 mW for dual channel operation. Ac-
cordingly, 0.5 nJ/bit energy consumption can be achieved at 33 Mb/s data rate.
The communication link has been verified by pairing the proposed receiver with
the UWB tag in [25]. The measurement setup is shown in Figure 3.5. A coaxial
cable and a variable attenuator are used to connect the UWB transmitter and the
receiver, modeling a multi-path free environment. The BER measurement results
are plotted in Figure 3.6. As can be seen from the figure, targeting at 10−3 BER,
-79 dBm sensitivity at 10 Mb/s data rate is achieved. Comparing with the ideal
implementation1, the prototype has a 12 dB loss which is mainly due to the noise
figure of the analog front-end as well as the non-ideal issues of the digital baseband,
such as timing offset and non-optimal threshold. The proposed receiver guarantees
over 10 meters operation range at 10 Mb/s data rate working with an ideal 3-5
GHz UWB transmitter which provides an irradiated power of -8.3 dBm reaching
the FCC mask at the Tx antenna. The key features of the proposed receiver are
compared with previous works [70, 71, 77, 78] in Table 3.1. For fair comparison, a
sensitivity of -99 dBm is obtained by scaling the data rate down to 100 kb/s [24].

More detailed explanation on the system design and circuit implementation of
the proposed receiver can be found in Paper II in appendices.

1The ideal implementation refers to the theoretical simulation results without considering any
loss in hardware implementation.



3.3. HIGHLY PROGRAMMABLE TIMING CIRCUIT 33

B
and G

ap R
ef.

 

Figure 3.4: Chip micrograph of the proposed IR-UWB receiver. Figure adapted
from Paper II.
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Figure 3.5: Measurement setup. (a) Link connections, and (b) test environment.
Figure adapted from Paper II.

3.3 Highly Programmable Timing Circuit

In an energy detection IR-UWB receiver as shown in Figure 3.1, the timing circuit
is responsible for generating accurate timing signals (integration windows and reset
signals) that control the operation of analog blocks. Different design methodologies
can be adopted to implement a timing circuit. A two-stage variable delay line is
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Figure 3.6: BER versus average Rx input power (10 Mb/s, OOK modulation,
uncoded, wired connection). Figure adapted from Paper II.

employed in [71] to generate multi-phased timing signals, one for coarse delay steps
(1 ns) and the other for fine delay steps (60 ps). Relatively high timing resolution
can be achieved by using analog delay elements. However, it is sensitive to process
and temperature variations. In [89], the timing circuit has four identical cascaded
stages and each stage is comprised of a multiplexer and a divide-by-two with dif-
ferential outputs. The phase of the timing signal is selected via the control bits
connected to the multiplexers. Despite of its simplicity, this design may lead to
phase uncertainty and thus increase the synchronization difficulty of the receiver.
These previous works are aiming at fixed pulse/data rate communications. Besides,
none of these works is considering the requirement of integration window optimiza-
tion on the timing circuit. In Paper I [27], we propose a highly programmable
timing circuit which overcomes the above mentioned drawbacks and also enables
multi-mode operations and flexibilities.

3.3.1 Proposed Timing Specification
Let’s first write the integrated energy of the i-th pulse and j-th symbol as

Ep(i) =
∫ t0 +i Tp + td + tw

t0 +i Tp + td

r2(t)dt (3.1)

Es(j) =
∑i=(j+1)PG+SS−1

i=jPG+SS
Ep(i) (3.2)
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where r(t) denotes the received signal. And the parameters t0, Tp, td, tw, PG and
SS are used to define the timing specification.

• t0: integration reference time.

• Tp: pulse repetition interval. This parameter is designed to be programmable
in order to adapt to different pulse rates.

• td: phase delay of the integration window, introduced for pulse level synchro-
nization. The tuning range of this parameter should be able to cover the
whole pulse repetition interval. And the tuning resolution corresponds to the
limit of synchronization and ranging accuracy (e.g., 1 ns phase resolution is
corresponding to 30 cm ranging accuracy).

• tw: integration window width. To achieve optimum receiver performance,
this parameter should be adjusted to the optimum integration window width
which is related to the delay spread of the UWB channel and varies with the
channel environment.

• PG: processing gain. This parameter is adopted to trade data rate for trans-
mission distance and vise versa. It is better to be programmable so as to
obtain the best trade-off in different transmission circumstances.

• SS: This variable is introduced for the symbol level synchronization. When
multiple pulses are combined to stand for one symbol, it must be employed
and tuned during the synchronization procedure searching for the starting
pulse of a symbol.

3.3.2 Circuit Design and Implementation
The proposed timing circuit is referenced at 900 MHz clock2. Considering the high
frequency reference clock and the high programmability, neither the full synthesized
digital design nor the full custom design is a proper solution for the proposed timing
circuit. Thus, a mixed-signal design flow is adopted and the architecture of the
circuit is shown in Figure 3.7.

The block Div4 which is comprised of two differential D-Flip-Flops (DFF) con-
nected in a closed loop converts the 900 MHz reference clock down to 225 MHz
with 0◦, 90◦, 180◦ and 270◦ phases, respectively. The four clocks are then fed
into a multiplexer and the chosen clock Q1 is used to fine tune the phase of the
integration window with 1.1 ns resolution. The digital part of the circuit is mainly
composed of several programmable dividers and counters. DIV_1 generates the
pulse_clk with a variable pulse rate controlled by PR < 5 : 0 >. CNT_1 with
count enable signal pulse_clk is acting as a delay cell, and the delay resolution is

2The proposed timing circuit is employed in the UWB/UHF hybrid RFID system with UWB
uplink and UHF downlink [24,25,28]. The 900 MHz reference is chosen to reuse the UHF carrier
of downlink.
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equal to the period of Q0. The output of CNT_1 is a delayed version of pulse_clk
and is used to indicate the rising edge of the integration window. CNT_2 further
delays the pulse_clk to specify the falling edge. That is to say, CNT_1 tunes the
phase of the integration window and CNT_2 adjusts the window width. Each of
the two counters is followed by a DFF clocked at Q1 for the phase fine-tuning. And
eventually the integration window signal is generated by a SR − latch as the final
stage. Likewise, DIV_2 and CNT_3 are combined to generate the symbol_clk.
DIV_2 adjusts the symbol rate (or equivalently the processing gain) and CNT_3
tunes the phase of the symbol_clk for the symbol level synchronization. The reset
signal of the integrator should be triggered right after the last integration window
of each symbol duration. Therefore, two DFFs are used to retime the symbol_clk.
And following that, a rising edge triggered glitch generator is adopted to generate
the reset signal. Figure 3.8 displays the diagram of the above mentioned timing
signals [27].

The design has been fabricated in 90 nm CMOS process, with 219 µW power
consumption and 190*295 µm2 die area. Full custom design is used to implement
the high frequency divider Div4, the multiplexer and the glitch generator. And the
rest parts are implemented by full synthesized digital design. The performance of
the proposed timing circuit is illustrated in Table 3.2. Although the timing circuit
is intended for running at 900 MHz clock, it has been measured under different
reference clocks and it functions properly up to 4 GHz.

Table 3.2: Performance of the Timing Circuit at 900 MHz Reference Clock.

Parameters Control Word Value/Range
Pulse Rate PR<5:0> 112.5 MHz ∼ 3.57 MHz

Phase Resolution P<7:0> 1.1 ns
Window Width W<5:0> 4.4 ns ∼ (Tp-4.4 ns)
Processing Gain PG<5:0> 1 ∼ 63 pulses per symbol

3.4 Optimum Threshold Estimation for OOK Modulated Signal

In energy detection of OOK modulated signals, the information is demodulated
by comparing the integrated energy with certain threshold. The performance of
the receiver heavily depends on the chosen threshold. The optimum threshold
estimation for energy detection receivers is an essential yet challenging issue. In [90],
the average of integrated energy of bits ‘0’ and ‘1’ is selected as the threshold,
which is quite simple but non-optimal. In [91], the optimum threshold is estimated
by Gaussian approximation of the Chi-square statistics. However, this approach
requires extremely complex computation. Besides, it only works for situations with
large degree of freedoms (large bandwidth and integration interval). And in [92],
the threshold estimation is based on bit error rate (BER) calculation over several
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test values of the threshold and the one minimizes the BER is considered to be
optimal. Large amount of training symbols are required in this method and thus
leads to high energy consumption per useful bit. In Paper IV [29], we present a
practical scheme based on look-up table for the threshold optimization, enabling
low complexity implementation.
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3.4.1 Theoretical Derivation
For energy detection of a received OOK signal in additive white Gaussian noise
(AWGN), the false alarm probability (error probability for bit ‘0’ denoted by Pe,0)
has a centralized Chi-square distribution while the probability of miss detection
(error probability for bit ‘1’ denoted by Pe,1) follows the non-centralized Chi-square
distribution. Similar to [91], the average error probability for equiprobable ‘0’/‘1’
can be calculated as

Pe = 0.5 (Pe,1 + Pe,0) (3.3)

Pe,1 = 1−QM

(√
4Ebw
N0

,

√
2ξ
N0

)
(3.4)

Pe,0 = e−ξ/N0

M−1∑
k=0

1
k!

(
ξ

N0

)k
(3.5)

where QM is the generalized Marcum-Q function of orderM . HereM is the degree
of freedom defined by 2M = 2BT + 1 = 2BNstw + 1, in which B is the signal
bandwidth, Ns is the number of pulses per symbol and tw denotes the integration
time interval. Assume the useful received signal energy averaged over bits ‘0’ and
‘1’ is represented by Eb, then Ebw is the averaged useful signal energy covered by
the integration window. And Ebw = Eb when all the multi-path components are
covered by the integration window [29].

The optimum threshold ξ0 is located at the intersection of the two Chi-square
distributions, which yields

e−ξ0/N0

M−1∑
k=0

1
k!

(
ξ0

N0

)k
= 1−QM

(√
4Ebw
N0

,

√
2ξ0

N0

)
(3.6)

Then we normalize the threshold as

λ0 = ξ0 −m0

m1 −m0
(3.7)

where λ0 is the optimum normalized threshold. m0 and m1 are the means of
integrated energy for bit ‘0’ and bit ‘1’, respectively. Ebw and N0 can be calculated
by m0 and m1 as

Ebw = m1 −m0

2 (3.8)

N0 = m0

BT
(3.9)
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Using (3.7), (3.8) and (3.9) we obtain

ξ0

N0
= BT + 2λ0

Ebw
N0

(3.10)

Substitute (3.10) into (3.6) reveals that the value of λ0 is only subjected to BT and
Ebw/N0. That is to say, if B, Ns, tw and Ebw/N0 are available, the value of λ0 can
be obtained by numerically searching for the one that minimizes Pe.

3.4.2 Proposed Method for Threshold Optimization
Based on the theoretical basis in Section 3.4.1, a look-up table of the optimum
normalized threshold can be derived and employed in the process of threshold op-
timization. Table 3.3 shows an example of the derived look-up table under the
conditions of B = 2 GHz (compatible to 3-5 GHz UWB system) and Ns = 1 (one
pulse per symbol). tw and Ebw/N0 are chosen as the variables of the look-up table.
tw is ranging from 10 ns to 80 ns corresponding to various optimum integration
intervals for the IEEE 802.15.4a UWB channels [65]. And the range of Ebw/N0 is
selected considering the requirement for targeted 10−3 BER. In Table 3.3, for each
case of tw, 10−2 to 10−6 BER are covered.

Table 3.3: Optimum Normalized Threshold. Table adapted from Paper IV.

tw (ns)
Ebw
N0

(dB) 19 18 17 16 15 14 13 12

10 0.36 0.36 0.38 0.38 0.38
20 0.38 0.38 0.4 0.4 0.42
30 0.38 0.38 0.4 0.42 0.42
40 0.4 0.4 0.42 0.44 0.44
50 0.42 0.42 0.42 0.44 0.44
60 0.4 0.42 0.42 0.44 0.46
70 0.42 0.42 0.44 0.44 0.46
80 0.42 0.42 0.44 0.46 0.46

Relying on the predefined look-up table, the optimum threshold ξ0 can be esti-
mated by following procedures.

1) Estimate m0 and m1 by training symbols comprised of equivalent number of
bits ‘0’ and ‘1’;

2) Calculate Ebw/N0 = (m1−m0)BNstw
2m0

;

3) Look up the value of λ0 in Table 3.3 according to the predefined tw and the
estimated Ebw/N0;

4) Calculate ξ0 = m0 + λ0(m1 −m0).
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Figure 3.9: BER performance for the proposed threshold optimization in IEEE
802.15.4a UWB channels. Figure adapted from Paper IV.

The proposed method for threshold optimization is verified by system simula-
tions with IEEE 802.15.4a channel model CM7 and CM8. For CM7 channel, we use
an integration interval of 10 ns while 50 ns is adopted for CM8 channel. As shown
in Figure 3.9, the simulation results exhibit an appreciable BER improvement over
the conventional method with λ = 0.5.
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3.5 Adaptive Synchronization and Integration Region
Optimization

Frame-level synchronization and integration region optimization is also one critical
issue for energy detection IR-UWB receivers. In IR-UWB systems, high link ro-
bustness can be obtained by increasing the amplitude of the transmitted impulses
such that a high peak signal-to-noise ratio (SNR) can be guaranteed at the receiver
side. However, this results in a long pulse repetition interval (PRI) typically rang-
ing from 100 ns to 1 µs so as to comply with the FCC regulations [93]. Without
integration region optimization, such long PRI will lead to a large proportion of
unnecessarily accumulated noise energy, which in turn significantly degrades the
BER performance. Existing works such as [94] usually assume that the channel
delay profile is pre-known to the receiver which is not a general case. In Paper
V [30], we propose a novel scheme of synchronization and integration region opti-
mization based on the numerical analysis of signal energy capture and combined
with a time-of-arrival (TOA) estimation. The proposed scheme requires no a priori
channel information and is adaptive to channel variations.

3.5.1 Numerical Study of Signal Energy Capture
In an energy detection receiver, the integration region has a distinct impact on the
signal energy capture as well as the noise accumulation, and eventually affects the
BER performance. In order to optimize the integration region, the signal energy
capture in terms of the integration interval and the corresponding BER performance
are investigated through numerical analysis.

As can be seen from the channel impulse response shown in Figure 3.10a, indoor
UWB channels are featured by dense multi-path components, of which the relatively
significant ones arrive in the leading part while the latter part contains only trivial
ones. Therefore, in this numerical study, during each pulse repetition interval
Tp, we fix the integration starting point at the first arriving path and adjust the
integration interval tw incrementally. Matlab simulations using 3-5 GHz OOK
modulated signals are performed regarding various indoor UWB channel models,
explicitly, IEEE 802.15.4a CM1, CM2, CM7 and CM8. Figure 3.10b plots the BER
performance in terms of the integration interval for different Eb/N0. And Figure
3.10c depicts the normalized signal energy capture, which is defined as

ε =
E1(tw) − E0(tw)

E1(Tp) − E0(Tp)
(3.11)

where E0(·) and E1(·) denote the captured energy for bit ‘0’ and bit ‘1’, respectively,
with (·) indicates the integration interval. As can be observed from Figure 3.10b,
with respect to the targeted BER, the optimum integration interval is about 20 ns
for CM1, 30 ns for CM2, 10 ns for CM7 and 40 ns for CM8, respectively, which
is much smaller than the total delay spread. In Figure 3.10c, it can be noticed
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that the integration interval required to reach ε = 0.8 is approximately the same
as the optimum integration interval. Although the optimum integration interval
changes along with different channel models and may even vary from one channel
realization to another, the corresponding normalized signal energy capture remains
nearly the same. This derived result is reasonable and intuitive. On one hand,
the optimum integration region is where the captured signal energy is much more
significant than the noise energy. On the other hand, for indoor UWB channels,
the significant multi-paths taking up majority of the signal energy (around 80%)
are concentrated in the leading several or tens of nanoseconds. To give a general
conclusion, the integration region from the first arriving path until 80% signal
energy is captured can be adopted as the optimal one.

3.5.2 Adaptive Synchronization
The proposed adaptive frame-level synchronization includes the estimation of in-
tegration starting point and optimum integration interval. The estimation of the
integration starting point is actually the same problem as the TOA estimation of
the leading path. A coarse synchronization is firstly performed locking onto the
maximum energy slot. Following that, a fine synchronization determines the inte-
gration starting point by carrying out a back-search prior to the maximum slot. The
integration interval optimization is based on the conclusion we have drawn from
the numerical study of the signal energy capture in Section 3.5.1. The detailed
synchronization procedure can be found in Paper V [30].

The validity of the proposed adaptive synchronization and integration region
optimization is demonstrated by system simulations. OOK modulated 3-5 GHz IR-
UWB signals with 320 ns PRI and IEEE 802.15.4a channel models are employed in
the simulations. And the synchronization resolution (slot duration) is 5 ns. Figure
3.11 presents the simulation results for CM7 and CM8, respectively. Comparing
with the non-adaptive method which fixes the integration interval to be the entire
PRI, an appreciable improvement on the BER performance can be observed.

3.6 Low Complexity Burst Packet Detection

In the context of wireless powered UWB RFID systems as shown in Figure 1.2,
the data transmission is performed in a burst manner with very short packet in
order to meet the micro-power budget of autonomous power harvesting. Such
burst short packet transmission plus the low duty cycling UWB pulse modulation
places a stringent challenge at the IR-UWB receiver for timing acquisition and
packet detection. Previous published literature rarely addressed the detection is-
sue of such burst pulse burst packet transmission. Existing works on the burst
packet detection all need certain threshold comparison to declare the presence of
the packet [90, 95, 96]. Furthermore, only fixed threshold can be applied, since the
adaptive threshold for variable signal-to-noise ratio (SNR) always requires SNR es-
timation which unfortunately can only be processed after a successful acquisition in
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Figure 3.10: (a) Channel impulse response, (b) BER with respect to integration
interval, (c) normalized signal energy capture in terms of integration interval, for
CM1, CM2, CM7, and CM8, respectively. Figure adapted from Paper V.

burst communications [97]. However, in the targeted location-aware UWB RFID
systems, where variable SNR is inevitable due to the variable link distance and
noise background, fixed threshold scheme can hardly achieve good performance.
In Paper VI [31], we propose a low complexity method for burst packet detection
which bypasses the necessity of predefined threshold. It is achieved by sensing the
characteristic of the preamble signal, which is designed with a specific pattern, in-
stead of the received signal strength. In this way, the detection is not sensitive to
the signal/noise strength but to the signal existence and thus is adaptive to the
variations of noise background and link distance.
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Figure 3.11: BER performance for the proposed synchronization scheme. Figure
adapted from Paper V.

M-bit '1' '0' sequence N-bit PN sequence

Figure 3.12: Packet format. Figure adapted from Paper VI.

3.6.1 Proposed Method
The packet format is designed as shown in Figure 3.12. The preamble and start
frame delimiter (SFD) are known to the receiver and used for timing acquisition and
packet detection. The header specifies the length of the payload which carries the
useful information bits. Figure 3.13 illustrates the main procedure of the proposed
packet detection scheme.

Step 1. Preamble Detection

The purpose of the preamble detection is to detect whether desired signal or pure
noise is received and at the same time roughly estimate the symbol boundary. The
packet we considered here is using OOK modulation. The preamble is a sequence
of ‘1’ and ‘0’ alternating bits, thus, the pulse is on in one frame but off in the
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Figure 3.13: Flowchart of the proposed packet detection scheme. Figure adapted
from Paper VI.

next frame. When the preamble is present, and the receiver starts the energy in-
tegration of each symbol at a proper instant, it can be observed that, of every two
successive integration outputs, the former one is always larger than the latter one.
On the other hand, if the incoming signal is pure noise, this result does not hold
since the noise is a stochastic process and the integration outputs are statistically
independent. Based on this preliminary idea, the algorithm of the preamble detec-
tion is developed and described in Figure 3.14. Assume that the receiver starts to
integrate at a random time t0, and we set the integration interval to be the frame
duration Tf . The parameter numComp denotes the sufficient number of successive
energy pairs to distinguish the expected preamble signal from pure noise. Better
detection performance can be achieved by increasing the value of numComp but
on the trade-off of a larger communication overhead. The integration windows are
shifted by 1/2Tf for every increment of i, so as to avoid the situation when the pulse
energy is equally distributed in two successive frames because of the randomness
of integration starting point t0. The sliding phase with higher resolution can be
adopted in order to achieve more accurate synchronization.
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Figure 3.14: Preamble detection algorithm. Figure adapted from Paper VI.

Step 2. OOK Threshold Estimation

After a successful preamble detection, coarse timing information of the symbol
boundary is acquired. Aside from this, to demodulate the incoming OOK signal, a
demodulation threshold is needed. Taking advantage of the ‘1’ and ‘0’ alternating
pattern of the preamble signal, the threshold for OOK demodulation can be easily
estimated by averaging an even number of successive integrated energies. To combat
the noise variance, we use 10 bits of the preamble signal which guarantees an
acceptable estimation accuracy.

Step 3. SFD Detection

Based on the timing information and threshold obtained in previous steps, the
subsequent incoming signal is decoded and checked to see if it matches to the
known SFD sequence. If the SFD is detected, the packet presence is declared and
the header and payload reception begins.

3.6.2 Performance Evaluation

The performance of the proposed packet detection scheme is evaluated via Matlab
simulations in AWGN channel and field tests in real channel environment. The field
tests are performed using the UWB software defined radio (SDR) testbed as demon-
strated in Figure 3.15. Transmitted IR-UWB signals with 3-5 GHz bandwidth at
40 MHz data rate corresponding to a frame duration Tf (also referred to as pulse
repetition interval) of 25 ns are adopted for both simulations and field tests. We se-
lect the detection error probability Pe as the main performance metric. It includes
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Figure 3.15: UWB SDR testbed. Figure adapted from Paper VI.

the false alarm probability Pfa defined as the probability of declaring packet pres-
ence when actually no packet is transmitted, and the missed detection probability
Pmd which is the probability of not declaring packet existence when transmission
truly happened. The performance of Pfa and Pmd is subjected to the length of
the preamble and the SFD, as shown in Figure 3.16 and Figure 3.17, respectively.
Figure 3.18 compares the performance of the proposed method with the conven-
tional scheme based on fixed detection threshold. As can be seen, the conventional
scheme achieves excellent performance under certain SNR conditions, however, the
robustness is very poor against the SNR variations. The proposed method, rely-
ing on the preamble characteristic instead of the received signal strength, exhibits
quite good adaptivity to the SNR variations. As shown in Figure 3.18, above 15
dB which is corresponding to the concerned range of SNR that ensures 10−3 BER,
the proposed method guarantees a robust detection performance.

3.7 Summary

This chapter is focused on the sub-Nyquist sampling IR-UWB receiver design
based on the energy detection scheme. A flexible and energy-efficient ED receiver
was designed and implemented in ASIC. The measurement results of the ASIC
demonstrated superior performance to other IR-UWB receivers in recent published
works [70, 71, 77, 78], in terms of energy efficiency, sensitivity and data rate. In
addition, back-end signal processing to further optimize the performance of the ED
receiver was discussed and developed, i.e., optimum threshold estimation for OOK
modulated signal, adaptive synchronization and integration region optimization, ro-
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Figure 3.16: Simulation and field test results of Pfa (numComp stands for the
number of comparisons in the preamble detection process and it determines the
required length of the preamble). Figure adapted from Paper VI.

bust burst packet detection. Significant improvement on the receiver performance
was observed through simulations and field tests.
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Figure 3.17: Simulation and field test results of Pmd (15-bit SFD is adopted). Figure
adapted from Paper VI.
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Chapter 4

Sub-Nyquist Sampling IR-UWB Receiver II:
Compressed Sensing

The recent emerging compressed sensing theory provides a new sub-Nyquist sam-
pling solution for the IR-UWB receiver design. IR-UWB signals can be acquired
at a sampling rate far below that required by Nyquist sampling theorem, most
attractively without losing any time domain resolution. This chapter first gives
an overall introduction about the compressed sensing theory. Then, the issues of
applying the CS theory in UWB systems are discussed. Following that, the noise
driven architectural analysis of the CS based IR-UWB receiver is provided. Finally,
a novel noise-reducing architecture is proposed for the CS based IR-UWB receiver.

4.1 Overview of CS Theory

Traditionally in many applications, the signal acquisition is based on the princi-
ple of Nyquist-Shannon sampling theorem [98] which suggests that the sampling
rate must be at least twice the maximum frequency of the underlying signal. In
the absence of a priori knowledge of the signal other than being band-limited, the
Nyquist sampling is an optimal solution. However, when further restrictions are
imposed upon the signal, the Nyquist sampling may no longer be necessary. In
many cases, the signal of interest is structured and has an “information” rate much
smaller than suggested by its bandwidth [99]. That is, the signal has a concise
representation if expressed in an appropriate basis. For such kind of sparse or com-
pressible signals, the recent emerging theory of compressed sensing (also known as
compressive sampling or CS) provides a new framework that holds a great promise
for full reconstruction at a sub-Nyquist sampling rate. In this section, we provide
an overview of the CS theory and its basic principles. For more theoretical and
thorough introduction of compressed sensing, please refer to [86,87,99–101].

Figure 4.1 shows the procedure of compressed sensing. The CS theory is based
on the following key ingredients which will be explained hereafter: sparse represen-
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Figure 4.1: The procedure of compressed sensing. Figure adapted from Paper VII.

tation, incoherent measurements and signal reconstruction.

A. Sparse Representation

The first and foremost principle of sampling a signal using compressed sensing is
that the signal has a sparse representation on some basis. Mathematically speaking,
a signal x ∈ RN is called K-sparse on the basis Ψ ∈ RN×N if x can be represented
by certain linear combination of K vectors from Ψ with K � N , written as

x = Ψθ (4.1)

where θ = [θ1, θ2, · · · , θN ]T is the coefficient vector with only K nonzero entries.
The signal is not necessarily to be strictly sparse but must be compressible, that
is, most of the entries of θ are insignificant so that they can be discarded without
much perceptual loss [99].

Fortunately, many natural signals have a sparse representation when expressed
in a proper basis. For example, a continuous wave signal is sparse in the frequency
domain while a UWB signal is sparse in the time domain.

B. Incoherent Measurements

In the CS framework, samples are taken not by direct sampling but by measuring
a few linear projections of the signal of interest. The projection process can be
formulated as

y = Φx = ΦΨθ = Θθ (4.2)

where Φ ∈ RM×N is the measurement matrix, also called as the projection matrix
or sensing matrix, and y = [y1, y2, · · · , yM ]T is the generated measurements. Note
that the number of measurements M is far less than the dimension of the signal N .

Based on the M -dimensional measurements y, the original signal x can be
reconstructed by seeking a sparse solution via nonlinear optimization. In order
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to successfully reconstruct the signal with minimum number of measurements, the
measurement matrix Φ must be incoherent with the sparse basis Ψ. A quantitative
definition of the coherence between Φ and Ψ is given in [99] as

µ(Φ,Ψ) =
√
N · max

1≤i,j≤N
|〈φi, ψj〉| (4.3)

where the value of µ(Φ,Ψ) can range from 1 to
√
N . The smaller the coherence, the

fewer measurements are needed to reconstruct the signal [99]. Fortunately, random
matrices with independent and identically distributed (i.i.d.) entries exhibit a very
low coherence with any fixed basis [100]. When the random matrix is employed as
the measurement matrix, a K-sparse signal with length N can be reconstructed by
M ≥ CKlog(N/K)� N measurements as suggested in [86]. The C here is a small
constant.

C. Signal Reconstruction

A practical and commonly used approach to reconstruct the sparse signal is to solve
the l1-norm minimization problem via convex optimization [99], formulated as

θ̂ = arg min ‖θ‖1 subject to y = Θθ (4.4)

where ‖θ‖1 =
∑
i |θi| is an efficient measure of the signal sparsity. This reconstruc-

tion approach is also known as the basis pursuit (BP) algorithm [102], which can be
implemented by linear programming with computational complexity ofO(N3) [103].

When the signal is corrupted by noise, to achieve robust signal reconstruction,
we can relax the constraint of l1-norm minimization as

θ̂ = arg min ‖θ‖1 subject to ‖y−Θθ‖2 ≤ ε (4.5)

where ε depends on the noise level. This algorithm is also called the basis pursuit
de-noising (BPDN) [102].

Besides the convex optimization, other alternatives widely used to solve the
sparse reconstruction problem are the greedy algorithms, such as orthogonal match-
ing pursuit (OMP) [104]. The OMP algorithm has a computational complexity of
O(KMN) [103].

4.2 CS for IR-UWB

In this section, we start to explore the application of compressed sensing theory
in the IR-UWB receiver design. The main design issues and considerations are
discussed as follows.

Sparse Basis

IR-UWB signals are naturally sparse in the time domain such that no further
sparse transform is required and simply Ψ = I can be adopted. The authors of [79]
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suggested a more appealing sparse basis to further increase the sparsity of the IR-
UWB signal. The proposed basis is composed by atoms which are shifted versions
of the pulse waveform, written as

dj(t) = p(t− (j − 1)δ), j = 1, 2, · · · (4.6)

where δ denotes the minimum shifting step. Ideally, the pulse distortion that may
be occurred during the transmission should be considered in defining the pulse
shape dj(t). Let dj stands for the discrete-time representation of dj(t), the sparse
basis is then defined as

Ψ = {d1, d2, d3 · · · } (4.7)

The above basis has been widely adopted in recent works, such as [81, 88, 105,
106]. In many literatures, the sparse basis is also called the dictionary. The dictio-
nary facilitated signal reconstruction not only reduces the CS measurements due
to the increased signal sparsity, but also helps to filter out the noise in the recon-
structed signal. The performance comparison between the signal reconstruction
with and without dictionary can be found in Paper VII.

Front-end CS Measurement

As mentioned in Section 4.1, whatever the sparse basis is, random sensing matrices
can satisfy the incoherence requirement, e.g., a Gaussian matrix with each entry
being i.i.d. taken from N(0, 1). However, the Gaussian matrix is not hardware-
implementation-friendly. To facilitate efficient hardware implementation, the ran-
dom Bernoulli matrix with ±1 entries can be adopted. The pseudo-random binary
sequence (PRBS) can be easily generated by a linear feedback shift register (LFSR).
Aside from the hardware consideration, the Bernoulli matrix is also beneficial for
the signal reconstruction under the noisy situation. This is due to the matrix en-
try being either +1 or -1, the row vectors have the equal norm, leading to equally
weighted measurements.

The random modulation pre-integration (RMPI) architecture shown in Figure
4.2 can be used as the front-end CS measurement of the IR-UWB receiver [99].
The architecture performs a random modulation followed by an integrate-and-dump
operation, hence the name RMPI. The random modulation is implemented by time
domain correlation of the incoming signal x(t) with analogue rectangular waveforms
of the pseudo-random +1/-1 sequences. The correlation output is integrated over
a fixed time interval and then digitized. Regarding IR-UWB signals, the symbol
duration Ts is commonly adopted as the fixed integration interval. For every symbol
duration, one measurement value ym is obtained after the correlate-integrate-and-
dump.

Multiple CS measurements are required to successfully reconstruct the original
signal. Let’s denote the number of measurements by M . From implementation
point of view, the M CS measurements can be processed either in parallel or serial.
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Figure 4.2: The RMPI architecture.

To enable parallel processing, M branches of RMPI must be implemented in the
receiver front-end. On the other hand, serial processing avoids the increased cost
in the hardware implementation, but at the expense of M times repetition of pulse
transmission. Whether to adopt the parallel processing or serial processing should
be considered along with the application scenario. For instance, regarding the
application scenario of RFID and wireless sensor networks, the parallel processing
is preferable for the IR-UWB receiver. This is because the sensor nodes are usually
energy and memory constraint and thus only short packet transmission is supported.
The reader, on the other hand, could be a powerful device.

Back-end Signal Reconstruction

In the CS based IR-UWB receiver, after the front-end CS measurement, the sam-
pled measurement values are sent to the digital signal processing (DSP) back-end
for signal reconstruction and then demodulation/TOA estimation. Various recon-
struction algorithms have been proposed in recent works, e.g., BP [102], OMP [104],
StOMP [107], CoSaMP [108], and HHS [109]. In this work, we focus on the two
most widely used algorithms, the linear programming technique BP (BPDN for the
noisy signal) and the greedy algorithm OMP. For each of the two algorithms, by
exploring its characteristic, we propose a practical strategy to fit into the recon-
struction of noisy and multi-path IR-UWB signals.

In many cases, the IR-UWB signals at the receiver side may be buried in heavy
noise and also rich in multi-path. The CS sampled and reconstructed signals are
very much likely to contain lots of false atoms either using BPDN or OMP al-
gorithm. Fortunately, it can be observed that, there is a high probability that
the most significant atoms of the signal can be successfully reconstructed. The BP
(BPDN) is a sort of swap-down reconstruction method. It starts with a “full model”
and then iteratively improves the solution by pruning [102]. Hence, for the signal
reconstruction with BPDN, we perform a filtering process afterwards, keeping the
several most significant atoms while small atoms are filtered out. The number of
significant atoms can be predefined according to the UWB channel model. On the
other hand, OMP is a sort of build-up reconstruction method. It starts from an
“empty model”, and at each iteration the most significant new atom is added to the
model [102]. Thus, regarding the OMP reconstruction, we can just directly limit
the iterations of the algorithm.
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4.3 Noise Driven Architectural Analysis

As mentioned in Section 4.2, in CS sampling of IR-UWB signals, multiple CS mea-
surements are performed either in serial or parallel for one signal reconstruction.
In Paper VII as well as the other existing works, e.g., [80, 81, 110], the received
UWB signal is considered to be invariant during the multiple CS measurements of
each signal reconstruction. However, this may not always the case in reality. The
received UWB signal is composed by the ideal signal part and noise components.
Although the channel impulse response and thus the ideal signal part can be as-
sumed to be invariant for the short time period, the random noise process can be
independent and uncorrelated for different CS measurements. We also find that
whether the noise is correlated or uncorrelated is depending on the noise source
(sky noise or amplifier noise) and the receiver architecture (serial or parallel). And
the noise situation has a significant influence on the accuracy of CS reconstruction.
In Paper VIII [35], we present this noise driven architectural analysis of the CS
based IR-UWB receivers.

4.3.1 Correlated Noise versus Uncorrelated Noise
A numerical study is carried out to explore how the accuracy of CS signal recon-
struction will be affected by the noise situation (correlated or uncorrelated) in the
CS measurement process1. Both the bit error rate (BER) for a communication sys-
tem and the time-of-arrival (TOA) estimation for a ranging system are evaluated.

In the BER simulation, 3-5 GHz IR-UWB signals with PPM modulation and
100 ns pulse repetition interval are used. And we simply consider the AWGN
channel. The sampling rate of the Matlab simulation environment is set to be 20
GHz, while the CS measurements are performed at 10 GHz which is the Nyquist
sampling rate of the incoming signals. Different compression ratio K = 0.3, 0.5
and 0.7 are considered in the simulation. Here the compression ratio K is defined
as K = M/N , where M is the number of measurements and N is the length of the
original signal as stated in Section 4.1. Figure 4.3 shows the simulation results of the
BER performance with respect to different noise situations. It can be observed that
the BER performance of the uncorrelated noise situation significantly outperforms
the correlated noise situation [35].

In the TOA simulation, we still use 3-5 GHz IR-UWB signals but without any
modulation scheme. The mean absolute error (MAE) averaged over 1000 TOA
estimates is selected as the performance metric. Since this work is focused on
the performance comparison between the correlated noise situation and uncorre-
lated noise situation, in the TOA estimation scheme, we simply choose the most
significant reconstructed path as the leading arrival path. Regarding the chan-
nel environment, 200 different channel realizations of the IEEE 802.15.4a channel

1In all the simulations, we adopt the waveform dictionary for the sparse basis, the random
matrix composed by either +1 or -1 entry as the measurement matrix, and the greedy algorithm
OMP as the reconstruction algorithm.
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model CM1 are employed in the simulation. The pulse repetition interval is set to
be 200 ns, and the predefined TOA is uniformly distributed in [0, 100 ns] so that
all the multi-path components can fall within the observation interval [0, 200 ns).
Figure 4.4 depicts the simulation results of the TOA estimation. As expected, the
uncorrelated noise situation outperforms the correlated noise situation.

The result derived from the above numerical study is actually intuitive. The
received signal can be regarded as the sum of the ideal signal and the noise compo-
nents. When CS sampling operates on the sum, the signal part keeps invariant for
the whole measurement process and can be reconstructed as expected. Ideally, we
do not want the noise components to be reconstructed at all. However, when the
noise components are invariant or correlated between every two CS measurements,
the noise components will also be reconstructed. This also can be understood as the
sparsity of the received signal is decreased. On the other side, in the uncorrelated
noise situation, the reconstructed noise components are largely reduced. In other
words, there is an effective denoising for the uncorrelated noise situation and the
accuracy of the CS reconstruction is improved correspondingly.

4.3.2 Architectural Analysis

The numerical study above suggests that the uncorrelated noise situation in the CS
measurement process is preferred for better CS reconstruction accuracy. To clear
up the cause of the two different noise situations, the noise sources and the receiver
architectures are jointly investigated. In CS receivers, before the CS correlator,
there are mainly two noise sources, sky noise and amplifier noise [111, 112]. Con-
sidering the two noise sources, as well as the serial or parallel implementation of
the CS measurement process, in Figure 4.5 we present several possible architectures
for the CS based IR-UWB receiver. Figure 4.5a shows a parallel architecture with
single antenna and single LNA. No matter sky noise dominates or amplifier noise
dominates, this architecture leads to the correlated noise situation. In Figure 4.5b,
a parallel architecture with single antenna and multiple LNAs is presented. When
sky noise dominates, we still get the correlated noise situation. On the other hand,
when amplifier noise dominates, the uncorrelated noise situation is obtained due
to the space diversity. Figure 4.5c is a parallel architecture with multiple antennas
and multiple LNAs. This architecture guarantees that the noise is uncorrelated
despite sky noise dominates or amplifier noise dominates. Figure 4.5d depicts the
serial architecture. Due to the time diversity, no matter sky noise dominates or
amplifier noise dominates, we get the uncorrelated situation. This analysis of noise
situation in the CS measurement process subject to the noise source and receiver
architecture is briefly listed in Table 4.1. It can be served as a design guideline for
the CS based IR-UWB receiver regarding different application scenarios.
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Table 4.1: Noise Situation in CS Measurement Process Subject to Receiver Archi-
tecture and Noise Source.

Sky Noise Dominates Amplifier Noise Dominates
(a) correlated noise correlated noise
(b) correlated noise uncorrelated noise (space diversity)
(c) uncorrelated noise (space diversity) uncorrelated noise (space diversity)
(d) uncorrelated noise (time diversity) uncorrelated noise (time diversity)
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Figure 4.3: BER comparison between correlated noise situation and uncorrelated
noise situation (AWGN channel and Ts = 100 ns). Figure adapted from Paper VIII.

4.4 Noise-Reducing Architecture for CS Ranging Receiver

The high time domain resolution is the most attractive characteristic of IR-UWB
signals for ranging and positioning applications. Yet the acquisition of such high
time domain resolution is very challenging. The compressed sensing theory pro-
vides a sub-Nyquist sampling solution without sacrificing the high time domain
resolution. Nevertheless, due to the sparse reconstruction principle, conventional
CS receiver as introduced in [80–82] is natively sensitive to noise, causing significant
performance degradation in heavy noisy situations. In order to improve the per-
formance of CS receiver, in Paper IX, a novel two-path noise-reducing architecture
for the receiver RF front-end is proposed. Besides the noise suppression effect, the
proposed architecture also relaxes the hardware implementation of the CS random
projection as well as the back-end signal reconstruction.
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Figure 4.4: MAE comparison between correlated noise situation and uncorrelated
noise situation (CM1 channel and Ts = 200 ns). Figure adapted from Paper VIII.

4.4.1 Two-Path Noise-Reducing Architecture
The proposed architecture for CS based IR-UWB ranging receiver is shown in
Figure 4.6. By adding an identical input path (antenna and gain stage) together
with a mixer, the noise in the received signal before feeding into the CS sampling
block is suppressed comparing with the conventional CS receiver. Assume the
transmitted signal is a sequence of repetitive pulses in a UWB ranging system, and
let x1(t), x2(t) denote the two inputs, then they can be formulated as

x1(t) =
+∞∑
i=−∞

L1∑
l=1

αl1p (t− iTs − τl1 − τTOA1) + n1 (t) = s1(t) + n1(t) (4.8)

x2(t) =
+∞∑
i=−∞

L2∑
l=1

αl2p (t− iTs − τl2 − τTOA2) + n2 (t) = s2(t) + n2(t) (4.9)

Since the two antennas are closely spaced together relative to the transmitter and
reflecting objects, it can be assumed that the incoming UWB signal s1(t) and s2(t)
are identical and correlated, written as s1(t) = s2(t) = s(t). On the other hand,
the random noise processes n1(t) and n2(t) produced in the two independent paths
are uncorrelated. Thus, the output of the mixer y(t) can be expressed as

y (t) = x1 (t) · x2 (t) = (s(t) + n1(t)) · (s(t) + n2(t)) (4.10)
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Figure 4.5: Possible architectures of the CS based IR-UWB receiver: (a) parallel
architecture with single antenna and single LNA; (b) parallel architecture with
single antenna and multiple LNAs; (c) parallel architecture with multiple antennas
and multiple LNAs; and (d) serial architecture. Figure adapted from Paper VIII.

Passing through the mixing stage, the signal part (common part) is magnified while
the uncorrelated noise part is effectively suppressed, leading to an increased signal-
to-noise ratio (SNR) for the subsequent CS sampling procedure. This approach
is particularly beneficial for impulse radio signals where the peak instantaneous
SNR is far beyond 0 dB. This noise suppression effect is visualized in Figure 4.7
using a sequence of 3-5 GHz UWB Gaussian pulses with randomly allocated pulse
position. The noise suppression results in a higher probability of successful CS
reconstruction. As the example presented in Figure 4.7, with the same compression
radio K = 0.5, the proposed architecture successfully reconstructed all the pulses,
whereas only half of them were recovered at the exact position with the conventional
architecture.

In addition to the noise suppression effect, the proposed architecture also de-
creases the implementation complexity of the CS sampling and reconstruction block.
The power spectral density (PSD) of the signal x(t) (before mixer) and signal y(t)
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Figure 4.6: The proposed noise-reducing architecture for CS based IR-UWB ranging
receiver. Figure adapted from Paper IX.

(after mixer) is illustrated in Figure 4.8. It can be seen that the major part of the
signal frequency spectrum is shifted to the baseband up to 2 GHz band after the
mixing stage. Therefore, in the proposed receiver, the CS random projection of the
incoming signal can be performed by correlating with the random rectangular wave-
forms at 4 GHz, while 10 GHz correlating signals are required in the conventional
receiver. Furthermore, the number of virtual samples N and the projection times
M are decreased by a factor of 2.5 which consequently brings down the operation
complexity of the back-end signal reconstruction.

4.4.2 Performance Evaluation
Matlab simulations are performed to evaluate the performance of the proposed CS
receiver2. The simulation is based on 3-5 GHz IR-UWB signals and the mean
absolute error (MAE) averaged over 10000 TOA estimates is selected as the perfor-
mance metric. Regarding the TOA estimation scheme, we simply choose the most
significant recovered path as the leading arrival path. In AWGN channel situation,
we set the symbol duration Ts = 100 ns, and the predefined time-of-arrival τTOA
is uniformly distributed in [0, 98 ns] which ensures that the UWB Gaussian pulses
with pulse duration around 1.5 ns can always fall into the observation interval [0,100
ns). In the dense multi-path channel situation, 200 different channel realizations
of the IEEE 802.15.4a channel model CM1 are adopted, and Ts = 200 ns, τToA
is uniformly distributed in [0, 100 ns] so that all the multi-path components can
fall within the observation interval [0, 200 ns). The simulation results for AWGN
channel is shown in Figure 4.9. As illustrated in the zoomed-in part, with respect
to the same compression ratio K = 0.5, the Eb/N0 needed to provide a ranging

2In all the simulations, we adopt the waveform dictionary for the sparse basis, the random
matrix composed by either +1 or -1 entry as the measurement matrix, and the greedy algorithm
OMP as the reconstruction algorithm.
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Figure 4.7: Signaling comparison between conventional and proposed architecture.
Figure adapted from Paper IX.

accuracy of 30 cm (1 ns MAE) is reduced by more than 4 dB with the proposed
CS receiver instead of the conventional one. Similar performance enhancement can
be observed for the CM1 channel as shown in Figure 4.10.

4.5 Summary

This chapter addresses the major issues of the IR-UWB receiver design based on the
compressed sensing theory. By exploring the main concepts of the CS theory and
the characteristics of IR-UWB signals, it was found that the CS theory is well suited
for the acquisition of IR-UWB signals, and the most appropriate sparse basis, mea-
surement basis, front-end architecture, and signal reconstruction algorithm were
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Figure 4.8: Power spectral density before and after the mixing stage. Figure adapted
from Paper IX.
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introduced. Regarding the performance of the CS receiver in heavy noisy situation,
a noise driven architectural analysis was provided. Furthermore, a noise-reducing
architecture was proposed for the CS based IR-UWB receiver. Simulation results
exhibited significant improvement of the ranging performance over the conventional
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CS receivers.



Chapter 5

Conclusions

5.1 Thesis Summary

The vision of Internet-of-Things calls for short range wireless technologies featured
by low-power and low-cost, robust communication (∼ Mb/s data rate and tens
of meters range) and high-precision positioning (sub-meter accuracy). Traditional
short range wireless technologies, such as UHF RFID, ZigBee, Bluetooth and Wi-
Fi, either suffering from limited operation range and data rate or lacking of power
efficiency and ranging accuracy, cannot satisfy the above requirements. IR-UWB
technology relying on the sub-nanosecond pulse transmission occupying several GHz
frequency band with extremely low power spectral density emerges as a promising
candidate. Yet several challenges must be confronted in order to take the full
benefits of IR-UWB technology, the first of which is the receiver design.

In this dissertation, IR-UWB receiver design that fits to the IoT applications was
proposed and investigated. It began with a comprehensive investigation of the UWB
technology in Chapter 2. FCC regulations, types of IR-UWB signal (carrier-based
or carrier-less), modulation schemes (BPSK, OOK, PPM), channel characteristic
(sparse or dense multi-path) were introduced and their impact and requirements on
the receiver design were discussed. Various receiver architectures were reviewed and
their trade-offs in terms of operation flexibility, performance, hardware complexity
and power consumption were explored. Based on those investigations, we narrowed
our focuses to the two most promising sub-Nyquist sampling candidates for IR-
UWB systems regarding IoT applications: the energy detection receiver and the
compressed sensing receiver.

The design issues of the sub-Nyquist sampling IR-UWB receiver based on ED
principle were addressed in Chapter 3. A low-power ED receiver featured by flex-
ibility and multi-mode operation to better fit into various IoT applications was
implemented and fabricated in 90 nm CMOS. 16.3 mW power consumption and -
79 dBm sensitivity at 10 Mb/s data rate corresponding to over 10 meters operation
range under the FCC regulation was achieved. As the key enabler for the receiver
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flexibility and multi-mode operation, the timing circuit was implemented using a
mixed-signal design flow to cope with the high frequency reference clock as well as
the high programmability. In addition, back-end signal processing to further op-
timize the receiver performance was explored and developed. A practical and low
complexity threshold optimization scheme based on look-up table was suggested for
OOK modulated signals. And adaptive synchronization and integration region op-
timization based on the study of signal energy capture was proposed. Furthermore,
robust burst packet detection based on sensing the preamble signal characteris-
tic instead of the received signal strength thus adaptive to the variations of noise
background and link distance was developed. The simulation or field test results
demonstrated the effectiveness of the above proposed signal processing algorithms.

The ED receiver is attractive mainly due to its low power and low complex-
ity implementation, but it cannot exploit the high time domain resolution of the
UWB pulse exhaustively. CS based IR-UWB receiver, on the other hand, allows
sub-Nyquist sampling without sacrificing any time domain resolution. Chapter 4
addressed the design issues of the CS receiver. The CS theory was comprehensively
studied and appropriate sparse basis, sensing matrix and reconstruction algorithms
were suggested for the IR-UWB signals. And then, a noise driven architectural anal-
ysis of the CS receiver was provided. We found that the noise situation (correlated
or uncorrelated) during the multiple CS measurements of each signal reconstruc-
tion has a significant influence on the accuracy of CS reconstruction, and the noise
situation is depending on the noise source (sky noise or amplifier noise) and the re-
ceiver architecture (serial or parallel CS measurement procedure). Furthermore, a
novel two-path noise-reducing architecture was proposed for the CS receiver. Sim-
ulation results exhibited significant improvement on the ranging performance over
the conventional CS receivers. Besides the performance improvement, the proposed
architecture can also relax the hardware implementation of the CS measurement
procedure as well as the back-end signal reconstruction.

5.2 Future Work

Some future research suggestions are given as follows:

• Optimization of CS reconstruction algorithm
There exists a number of CS reconstruction algorithms to recover the sparse or
compressible signals (not limit to IR-UWB signals), for instance, BP, BPDN,
OMP that are introduced in this dissertation as well as those emerged in re-
cent publications (e.g., [113–116]). It could be interesting and well worthy of
further investigation on these reconstruction algorithms, in terms of effective-
ness in recovering IR-UWB signals and hardware implementation complexity.
Furthermore, optimization on the existing algorithms to better fit to the IR-
UWB application is preferred.

• Hardware implementation of the CS-based IR-UWB receiver
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So far the research opportunities for the design of CS-based IR-UWB receiver
are still wide open, especially in the hardware implementation perspective.
Current research efforts are mainly focused on the system definition and sig-
nal processing algorithms. There are already few works have discussed ap-
propriate hardware architectures for the CS receiver, such as [80, 81] as well
as Section 4.3 and Section 4.4 in this dissertation. However, the real hard-
ware implementation in ASIC is remain untouched. This is an important yet
challenging task for future research.

• IR-UWB radio for wearable and implantable biomedical devices
In addition to WPAN, the wireless body area network (WBAN) is another
important branch of future WSN towards the IoT. On-body/in-body wireless
communications are demanded to connect the wearable/implantable micro-
devices to the Internet to achieve better personal health monitoring and care.
IEEE 802.15.6 standard has defined the UWB as one of the physical lay-
ers for the WBAN. Such kind of application scenario poses more stringent
requirement on the IR-UWB transceiver design, e.g., miniaturization in ge-
ometry, high power efficiency. Besides, the channel conditions are much more
complicated than common indoor channels, severe frequency-dependent at-
tenuation may occur due to human skin, blood and tissues [117, 118]. This
brings new research topics worth further investigation on the IR-UWB radio,
from channel modeling, low power circuit design to system integration.
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