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Chapter 1

Introduction

1.1 Motivation

Ultra-wideband (UWB) technology has attracted considerable attention over the past
several decades because of its potential to provide high-speed communication, sens-
ing and precise localization. The term "UWB" was officially adopted in 1989 by the
U.S. Department of Defense. However, UWB radio has a long history. The origi-
nal concept of UWB appeared in the days of Hertz and Marconi. In the late 1800s,
Marconi designed spark gap radio transmitters to send Morse-code pulse streams
having a wide bandwidth. At that time, it was not necessary to consider the issues of
band limitation and spectral efficiency because radio frequency regulations did not
exist. Employing short pulses with a large bandwidth was the easiest way to trans-
mit information. The development of modern wireless UWB dates back to the late
1960s with the pioneering contribution of Harmuth [1]. From the 1960s to the 1990s,
modern UWB technology was primarily restricted to military purposes and focused
on impulse-radar applications for accurate localization and clandestine communica-
tions [2].

Recently, UWB technology has received renewed interest in high-speed communica-
tion and precise radar applications since the Federal Communications Commission
(FCC) issued its First Report and Order to allocate unlicensed UWB applications in
2002 [3]. The regulatory mask allocated a large frequency range (3.1 - 10.6 GHz) with
low maximum power spectral densities (PSD) below -41.3 dBm/MHz. Although
there are already several established-narrow band services within the FCC allocated
band, the extremely low radiated PSD ensures that the interference potential of UWB
to these existing narrowband radio systems is negligible. This property turns UWB
into a new use of the radio spectrum resources and significantly increases the spec-
trum efficiency. On the downside, low PSD and simultaneously strong interferers do
present challenges in implementing UWB receiver systems.

The UWB regulation defined by the FCC potentially opens new doors for many wire-
less applications. E.g., the extremely large bandwidth makes UWB a perfect candi-
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date for short range high speed data transmission. Meanwhile, this wide transmis-
sion bandwidth offers excellent robustness to multipath fading [4]. Furthermore, the
UWB technology is considered as one of the most interesting real-time localization
and sensing techniques due to its high resolution capability. Other interesting fields
for UWB technology are medical applications. The low PSD ensure that the UWB
signal is harmless to the human body and non-interfering with other medical equip-
ments.

In recent years, other administrations, e.g., in Europe, Japan and China, have issued
their own and more restrictive frequency allocations, which however are within the
FCC mask.

This thesis explores the applications of UWB technology in communication and med-
ical sensing. UWB frontend ICs shall be designed to realize these functions. Regard-
ing the circuit topology, a fully differential configuration will be considered in this
thesis, because fully differential UWB antennas avoid the notorious problem of feed
line radiation [5]. The differential frontend circuits not only offer an excellent match
to symmetric antennas, but also ease packaging. Here differential UWB transmitters
will be investigated to generate short time-domain impulses and make optimum use
of the spectral mask. A novel and highly efficient impulse generator concept will
be considered to achieve low power consumption, which makes the UWB transmit-
ters suitable for medical implants. Furthermore, a tunable UWB transmitter shall
be designed to observe the limitations of different regulatory spectrum masks. At
the receiver side, two fully differential receiver structures will be implemented for
high-speed communications and precise sensing. Low power consumption could be
achieved through the elimination of active UWB baluns. In terms of system integra-
tion, a differential bistatic UWB radar sensor will be constructed. It can be used for
contact-less vital sign, e.g. human respiration, detection. Moreover, this differential
UWB radar can be employed for medical imaging and subsurface localization, e.g.,
the localization of interventional devices, such as catheters placed inside the human
body.

1.2 Technology

Since this work mainly focuses on the implementation of UWB front-end ICs, it is
worth to briefly mention the manufacturing technology. All active circuits are real-
ized in Telefunken Semiconductors GmbH SiGe2RF 0.8 µm HBT technology [6]. Two
kinds of npn transistors, with high fT (fT = 80 GHz, BVCEO = 2.4 V) and with high
breakdown voltage (fT = 50 GHz, BVCEO = 4.3 V) are simultaneously available. The
technology has 0.8 µm feature size and a minimum effective emitter size for vertical
HBT transistors of 0.5 x 1.1 µm2. The process incorporates three metallization lay-
ers, four different types of resistors and dielectric MIM capacitors. All the devices
were fabricated on a low resistivity 20Ω cm substrate. Since the FCC allocated UWB
range is from 3.1-10.6 GHz, this process offers more than adequate performance for
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UWB applications. Meanwhile, the process cost is very reasonable, even for a small
production volume.

1.3 Thesis Organisation

This work concentrates on the design, implementation and characterization of IR-
UWB transmitter and receiver ICs. The transmitter circuits based on a quenched-
oscillator approach generate sub-nanosecond impulses with a spectrum well fitting
the regulatory spectral mask. Moreover, the quenched-oscillator concept introduces
tunability and biphase modulation capabilities to the UWB waveforms. In terms
of receiver implementations, two different topologies, i.e., correlation detection and
energy detection, are realized.

The thesis is organized as follows: Chapter 2 provides a short overview of back-
ground information on UWB technology, specially detailing different UWB spectral
regulations, two UWB approaches and various UWB applications.

In chapter 3, the discussion of UWB transmitter design is given. This chapter starts
with a brief overview of the UWB impulse generation methods and modulation
schemes, followed by the circuit implementations and measured results. Impulse
generator ICs following the quenched oscillation method are designed and charac-
terized.

Two different types of fully differential receivers are described in chapter 4. The cor-
relation receiver includes a differential low noise amplifier (LNA), a UWB correlator
and a template impulse generator. While, the energy detection receiver comprises a
differential LNA and an energy detection circuit. System validations for both systems
are shown.

Chapter 5 presents a differential bistatic UWB radar sensor utilizing the correlation
receiver. It can be used for the metal measurement tracking and human breath rate
detection. Based on a trilateration-based algorithm, the abilities of the radar sensor
for medical imaging and subsurface localization are demonstrated.

Chapter 6 proposes a monostatic radar system. Frontend IC for monostatic radar is
implemented, fabricated and characterized.

Finally, the conclusion is summarized in chapter 7.



Chapter 2

Fundamentals of UWB

This chapter presents the fundamental theory of UWB technology. It focuses on de-
scribing different UWB spectral regulations and approaches. Specifically, the impulse-
radio approach is compared with the multi-band method. Additionally, a wide range
of UWB applications, both in communication and radar sensors, are analysed.

2.1 UWB Regulations

The emission of UWB signal is intended to fit into regulatory spectrum masks which
define the spectral and power limits. In general, frequency ranges are preferred
where no interference mitigation is mandated. However, the frequency bands are
different from country to country, e.g., the original FCC mask for the USA is from
3.1-10.6 GHz; the mask defined by ECC (Electronic Communications Committee) is
from 6-8.5 GHz in Europe; the Japanese mask is 7.25-10.25 GHz. This section de-
scribes several UWB regulatory masks in different countries.

2.1.1 UWB Worldwide Spectral Masks

The most influential milestone in modern UWB development is the FCC regulation
set in 2002 in the USA [3]. It is the first commercial regulation allowing the emission
of UWB signals and classifies UWB operating restrictions into three categories:

1. Communication and measurement systems.

2. Imaging systems, such as medical imaging, ground penetrating radar and through-
wall imaging.

3. Vehicular radar systems.

4
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According to the FCC’s definition, any signal having an absolute 10-dB bandwidth
larger than 500 MHz or a fractional bandwidth larger than 0.2 can be called a UWB
signal. The fractional bandwidth B f is defined as

B f = 2( fH − fL)/( fH + fL) (2.1)

where fH and fL are the upper and lower frequency boundaries measured at -10 dB
below the peak emission points, respectively. The FCC defined a frequency mask
to regulate the unlicensed transmission of UWB signals. The frequency band of 3.1-
10.6 GHz is approved for indoor and outdoor UWB operations [3]. The maximum
allowed effective isotropic radiated power (EIRP) is limited to -41.3 dBm/MHz, and
the maximum peak PSD is defined as 0 dBm/50 MHz. The extremely low PSD ren-
ders UWB signal as noise for other radio communication systems. Therefore UWB is
an overlay technology, coexisting with the previous spectrum users with negligible
interference. The frequency and power constraints are depicted in Fig. 2.1. Stricter
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Fig. 2.1: The UWB spectral masks allocated by (a) FCC in USA and (b) ECC in Europe
and MIC in Japan. For the ECC and Japanese masks, only the mitigation-free bands
are shown.

PSD limits have been placed around 2 GHz to ensure a peaceful coexistence of UWB
with other critical applications, such as the Global Positioning System (GPS) service
operating at 1.6 GHz and Global System for Mobile Communications (GSM) devices
at 1.9 GHz. Furthermore, the restrictions on outdoor devices are more stringent than
that on indoor devices. Tab. 2.1 illustrates detailed values of the FCC allocated UWB
masks for indoor and outdoor applications.

In Europe, the UWB standardization defined by ECC was released later than the
FCC regulation in the USA. Different from the FCC’s definition, ECC defined that
the minimum bandwidth for UWB signal is 50 MHz. In 2007, the ECC allocated
the frequency band of 6-8.5 GHz with a maximum mean EIRP spectral density of -
41.3 dBm/MHz without the requirement for additional mitigation [7]. The frequency
band from 3.1-4.8 GHz is allowed only with mitigation techniques, such as low duty
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Frequency range Maximum EIRP Maximum EIRP
GHz dBm/MHz dBm/MHz

Indoor applications outdoor applications
< 0.96 -41.3 -41.3

0.96 - 1.61 -75.3 -75.3
1.61 - 1.99 -53.3 -63.3
1.99 - 3.1 -51.3 -61.3
3.1 - 10.6 -41.3 -41.3

> 10.6 -51.3 -61.3

Tab. 2.1: Maximum allowed EIRP densities of the FCC UWB mask.

cycle (LDC) and detect and avoid (DAA). The spectral mask including the mitigation-
free band can be seen in Fig. 2.1(b).

The UWB regulation in Japan is similar to the ECC mask. In 2006, the Ministry of
Internal Affairs and Communications (MIC) approved the Japanese UWB spectral
mask for indoor applications [8]. It allows the use of the frequency band from 3.4-4.8
GHz using DAA and the band from 7.25-10.25 GHz without mitigation. The mean
EIRP spectral density is limited to -41.3 dBm/MHz in both bands. Fig. 2.1(b) shows
the mitigation-free UWB band and emission power constraints. The detailed values
of the ECC and Japanese UWB masks are given in Tab. 2.2.

Frequency range Maximum EIRP
GHz dBm/MHz
< 1.6 -90

1.6 - 3.8 -85
3.8 - 4.2 -70
4.2 - 4.8 -70 (-41.3 ∗)
4.8 - 6.0 -70
6.0 - 8.5 -41.3

8.5 - 10.6 -65
> 10.6 -85

Frequency range Maximum EIRP
GHz dBm/MHz
< 1.6 -90

1.6 - 2.7 -85
2.7 - 3.4 -70
3.4 - 4.8 -70 (-41.3 ∗)

4.8 - 7.25 -70
7.25 - 10.25 -41.3
10.25 - 10.6 -70
10.6 - 10.7 -85
10.7 - 11.7 -70
11.7 - 12.75 -85

> 12.75 -70
∗ For devices using mitigation techniques.

Tab. 2.2: Maximum allowed EIRP densities of (left) the European ECC spectral mask
and (right) the Japanese UWB mask.

As can be seen, the frequency allocations of the ECC and Japanese masks are within
the FCC band. Therefore, targeting the FCC mask is a good choice for general UWB
components, such as low-noise amplifiers, multipliers and squaring circuits. How-
ever, the impulse generations at the transmitter side need to observe the limitations
of different regulatory spectrum masks.



2.1. UWB REGULATIONS 7

2.1.2 Multi-band (MB) vs. Impulse-radio (IR)

In order to exploit UWB opportunities in compliance with the spectral and power
requirements defined by the regulatory UWB masks, two operating approaches have
been widely investigated: impulse-radio UWB (IR-UWB) and multi-band UWB, for
example, multi-band orthogonal frequency division multiplexing UWB (MB-OFDM
UWB).

MB-OFDM UWB approach

The MB-OFDM Alliance (MBOA) standard and the ECMA-368 standard promoted
by the WiMedia Allianc specified the MB-OFDM UWB approach based on the FCC
spectral mask [9,10]. An MB-OFDM UWB system divides the complete FCC allocated
band (3.1-10.6 GHz) into fourteen sub-bands with a bandwidth of 528 MHz, comply-
ing with the FCC’s definition of UWB transmission. This approach avoids potential
interference with existing narrowband communication systems, such as WLAN sys-
tems. An OFDM modulation scheme is applied on each band to transmit data with
communication rate up to 480 Mb/s. The band scheme of the MB-OFDM UWB sys-
tem can be seen in Tab. 2.3. The complete UWB spectrum is divided into five band
groups (BGs), where four BGs have three sub-bands each and one BG has two sub-
bands. Each sub-band has 128 sub-channels with a bandwidth of 4.125 MHz. A
time-frequency code (TFC) is utilized to interleave the information bits over each BG.

Band group BG 1 BG 2 BG 3
Band No. 1 2 3 4 5 6 7
Lower Freq. (MHz) 3168 3696 4224 4752 5280 5808 6336
Upper Freq. (MHz) 3696 4224 4752 5280 5808 6336 6864
Band group BG 3 BG 4 BG 5
Band No. 8 9 10 11 12 13 14
Lower Freq. (MHz) 6864 7392 7920 8448 8976 9504 10032
Upper Freq. (MHz) 7392 7920 8448 8976 9504 10032 10560

Tab. 2.3: Detailed band group information of the MB-OFDM UWB system. The com-
plete FCC allocated band is divided into 14 sub-bands.

According to ECMA-368, MB-OFDM UWB is considered for short range and high
speed communications. Various circuit implementations have been reported so far,
for example, [11] describes a direct-conversion UWB CMOS transceiver operating on
bands 1-3 by employing three resonant circuits and three phase-locked loops. A fully
integrated RF transceiver and digital PHY on a single chip with a physical layer data
rate up to 480 Mb/s are presented in [12]. Both of the aforementioned MB-OFDM
UWB systems operate on the BG 1, which introduces good coexistence with other
radio service, such as IEEE 802.11a. However, an MB-OFDM UWB system always re-
quires significant implementation complexity resulting in high power consumption.
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IR-UWB approach

The IR-UWB method employs the original carrier-less concept of UWB. It works by
transmitting sub-nanosecond time-domain impulses instead of continuous waves.
The spectrum of the impulses occupies several GHz bandwidth which is intended
to comply with the allocated spectrum mask. Compared to the MB-OFDM UWB
scheme, IR-UWB presents great advantages in terms of circuit simplicity. The carrier-
less nature allows a low-complexity transceiver topology. The property of impulse
transmission can enable a low duty cycle operation, i.e., the energy of the radio sig-
nals is only present in a short time window (Ton) and no energy is present during the
other time of a period (To f f ). The low duty cycle potentially introduces a low power
consumption for the IR-UWB system, because many circuit blocks of the IR-UWB
system can be switched off during To f f . Furthermore, the short impulse duration en-
ables a high transmission data rate in communications. Depending on the impulse
repetition rate, a high communication speed up to several hundred Mbit/s could be
potentially achieved. In terms of radar sensor applications, the impulse nature al-
lows an excellent range resolution [13]. Moreover, IR-UWB approach introduces an
extremely higher multi-path resolution compared to the conventional narrowband
communication systems [4].

Any impulse waveform with a spectrum fitting the spectral masks can be used for IR-
UWB transmission. This introduces a large design freedom at the transmitter side.
However, utilizing the whole bandwidth still requires great hardware implementa-
tion challenges. Especially, the UWB spectral masks are different from country to
country. A pulse source adaptable to all these bands is advantageous. In terms of im-
pulse modulation schemes, on-off keying (OOK), pulse position modulation (PPM)
and biphase modulation (BPM) formats are widely employed. Chapter 3 presents
these different schemes in detail.

At the receiving side, IR-UWB receivers can take the form of simple energy detec-
tion for OOK communication without requiring precise synchronization, or corre-
lation reception comparing the received waveforms with template impulses. The
correlation receivers are more robust to interference, but at the cost of requiring accu-
rate timing synchronization. However, this synchronization problem becomes easier
in radar and sensing applications, because transmitter and receiver are always co-
located and tightly synchronized. So, the form of correlation detection is suitable for
precise radar applications. Detailed discussion on the two different receiver struc-
tures can be found in chapter 4. It is important to point out that the large instanta-
neous bandwidth accounts for significant design challenges of the receiver frontend
ICs.

This thesis focuses on the implementations of impulse generators and different re-
ceiver structures based on the IR-UWB approach and exploits system designs for
high-speed communication and precise sensing applications. Therefore, the scope of
the following sections is narrowed to the IR-UWB approach.
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2.2 IR-UWB Opportunities

The short time-domain impulses makes IR-UWB extremely attractive for a wide range
of applications, such as low-distance high-speed communications, accurate localiza-
tions and radar sensing applications. In the section, different IR-UWB applications
are reviewed and discussed.

Communications

IR-UWB communications are considered for a number of applications. One example
employing IR-UWB systems for high-speed inter-chip communications based on in-
ductive coupling is described in [14]. The proposed design employs Gaussian mono-
cycle impulses with an OOK modulation scheme to transmit information. A UWB
LNA is placed in the receiver to amplify the received impulses. Post layout simula-
tions indicate that the simple IR-UWB transmitter operates up to a 5 Gbit/s data rate
and draws a low power consumption of 9 mW. However, the communication dis-
tance is limited to few tens of millimeters. Another example shown in [15] proposes
the IR-UWB technology for wireless personal area network (WPAN) applications.
The presented IR-UWB transmitter generates pulse position modulated pulses, and
the receiver is based on correlation reception. The implemented CMOS transceiver
operates in the FCC frequency band and achieves a communication speed up to 200
Mbps/s. Furthermore, the low emitted power level makes the IR-UWB approach
also an interesting candidate for medical applications because it does not cause harm
to patients. [16] presents an IR-UWB communications system for medical implants.
It utilizes the ultra-short UWB impulses to transmit capsule endoscope fast data.
Another popular communication application of the IR-UWB technology is in wire-
less sensor networks (WSN) due to its nature of low power consumption and simple
transceiver architectures [17–19].

Localization

The IR-UWB technology enables very accurate localization applications due to its
very wide bandwidth. Popular methods include time-of-arrival (ToA) estimation
and the time-difference-of-arrival (TDoA) approach. [20] proposes a radio-frequency
identification (RFID) tag with precise hyperbolic localization based on IR-UWB. The
transmit-only tag generates UWB pulses with a duration of 1.5 ns, which are cap-
tured by energy detection receivers. The realized system is based on ToA estimation
and achieves a positioning accuracy of 10 cm with a potential reading range of 100
meters. Another IR-UWB system shown in [21] is implemented for positioning both
static and dynamic targets in an indoor environment. Picosecond UWB pulses are
generated by discrete components in this design, while, the receiver structure com-
bines the correlation-based and the energy-detection based UWB receiver topologies.
Using the TDoA approach, the realized system achieves a 3D accuracy in the mil-
limeter range. More examples of IR-UWB localizations can be found in [22–24].
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Radar and sensing

The nature of impulse transmission makes IR-UWB extremely suitable for radar and
sensing applications. Popular IR-UWB sensor applications include intra-vehicle sens-
ing [25] and monitoring of highways and various civil infrastructures [26]. In terms
of applications in medical environments, IR-UWB technology can be used for vital
signs monitoring and medical imaging. E.g., [27] has realized a single-ended UWB
radar sensor for breath rate detection. Utilizing subnanosecond impulses, the system
can measure the breath rate contact-free and achieve an accuracy in the millimeter
range. Another example of medical application can be seen in [28], which proposes a
3D UWB tomographic algorithm and achieves brain hemorrhagic stroke detection.



Chapter 3

IR-UWB Transmitter Design

This chapter presents UWB impulse generators based on a quenched-oscillation con-
cept. After providing a technical overview of various impulse generation approaches
and modulation schemes, the design of a differential impulse generator targeting the
FCC indoor mask is explained. Through slight modifications of this circuit, two more
impulse generators are realized: one achieves a biphase modulation function and the
other one provides the tunability to the ECC, FCC and Japanese spectral masks. At
last, a UWB active beacon transmitter with high output voltage swing is presented.

3.1 Impulse Generation Methods

The core challenge in IR-UWB systems is to generate short time-domain impulses,
making efficient use of the regulatory spectral masks. A variety of advantageous
impulse shapes have been discussed [29–37]. Waveforms based on derivatives of
the Gaussian bell shape are frequently used. The time domain representation of the
general Gaussian bell shape can be written as

f (t) =
A√
2πσ

exp
(
− t2

2σ2

)
(3.1)

where A corresponds to the amplitude of the signal and σ is the standard devia-
tion which defines the width of the Gaussian bell shape. According to [38], the fifth
derivative of a Gaussian bell shape with σ=51 ps can fit the FCC indoor mask well.
The fifth derivative of a Gaussian bell shape can be calculated as

f (5)(t) =
A√

2πσ11
(15tσ4 − 10t3σ2 + t5)exp

(
− t2

2σ2

)
(3.2)

Fig. 3.1 (a) plots the time-domain waveform of the fifth Gaussian derivative with
σ=51 ps. The corresponding normalized spectral envelope can be seen in Fig. 3.1 (b).
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Fig. 3.1: Fifth derivative of the Gaussian bell shape with σ=51 ps in (a) time and (b)
frequency domain.

It shows an excellent compliance with the FCC indoor mask. A number of cir-
cuit implementations for generating this waveform have been reported, e.g., [29]
employs a damped relaxation oscillation, [30] uses piecewise approximation of the
mask-conforming waveform based on four digital delay cells, [31] adopts an FIR
pulse generator for pulse shaping.

An alternative way is to employ a Gaussian bell shape as an envelope of a sinusoidal
signal. The corresponding impulse waveform can be expressed as

g(t) =
A√
2πσ

exp
(
− t2

2σ2

)
sin(2π f0t) (3.3)

where A is the amplitude, σ is the standard deviation, determining the impulse width
and f0 corresponds to the oscillation frequency. The two parameters σ and f0 can be
adjusted to fit the regional spectral masks. By setting σ = 100 ps and f0 = 6 GHz, the
impulse has a spectrum fitting the FCC indoor mask. The time-domain waveform of
this impulse signal is illustrated in Fig. 3.2 (a). As can be seen, the impulse waveform
is similar to the fifth Gaussian derivative with σ=51 ps. The spectrum information is
depicted in Fig. 3.2 (b), it has a good compliance with the FCC indoor mask. In terms
of circuit implementation, this impulse waveform can be easily generated by rapidly
turning an LC oscillator on and off [32–34]. This quenched-oscillation technique is
favored because it allows for great circuit simplicity and low power consumption.

Another attractive impulse generation technique is the up-conversion of base-band
waveforms to the allocated UWB frequency band by mixing with a local oscillator [35,
36]. This method offers precise control over the spectrum of the generated impulses,
however, it suffers from a high power consumption. Another example, as described
in [37], uses a pulse generation method based on a distributed waveform generator
which enables low power consumption and reconfigurable spectra bandwidth.

This thesis follows the quenched-oscillation concept. The developed low-power and
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Fig. 3.2: Gaussian-gated oscillation signal in (a) time and (b) frequency domain. The
envelope of the impulse is a Gaussian bell shape with σ = 100 ps.

low-complexity impulse generators use current spikes generated on-chip to briefly
turn on a cross-coupled LC oscillator [39]. Tunability and biphase modulation are
achieved through the inherent convenience of the LC oscillator [40, 41]. Due to a
novel current spike generation circuit, low power consumption and high speed can
be simultaneously achieved. The designed impulse generators in this thesis have a
maximum repetition rate well into the GHz range.

3.2 Impulse Modulation Schemes

There have been numerous impulse-based modulation schemes investigated in the
literature so far, such as OOK, PPM, BPM, frequency modulation (FM) and pulse am-
plitude modulation (PAM). Among them, OOK, BPM and FM schemes are frequently
employed.

OOK

OOK is a simple modulation technique where the information of the data bit is en-
coded by the presence or absence of an impulse. The mathematical representation of
an OOK modulated UWB impulse sequence can be written as

sOOK(t) =
∞

∑
k=−∞

dk f (t− kTp), dk = 0, 1 (3.4)

where dk is the data bit, f(t) is the impulse shape function and described in Eq. 3.3 and
Tp is the frame period. The physical implementation of the OOK scheme is simple.
Moreover, this scheme allows the transmitter to be powered off while transmitting a
bit 0, significantly reducing power consumption [42].
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BPM

The BPM scheme transmits data by changing the polarity of the UWB impulse. The
representation of an impulse sequence under BPM is similar to that with OOK mod-
ulation, it can be expressed as

sBPM(t) =
∞

∑
k=−∞

dk f (t− kTp), dk = −1, 1 (3.5)

BPM constitutes antipodal signalling and has the greatest distance between symbols
compared to the other schemes, thus it performs best in terms of BER in additive
white Gaussian noise (AWGN) environments [43]. On the downside, this scheme
causes complexity in the transmitter implementation [42].

FM

This modulation scheme employs a frequency-modulated clock signal to control the
repetition rate of the generated UWB impulses. The transmitted impulse train has
a position-varying property, which is determined by the information signal. So, the
FM-UWB scheme is a simple solution and suitable for low data rate communications.

3.3 Differential Impulse Generator for the FCC Mask

As previously explained, the quenched-oscillation concept is appropriate for UWB
impulse generation. In the following, a UWB impulse generator following this ap-
proach is presented.

3.3.1 Quenched-oscillation Principle

The quenched-oscillation concept can be illustrated by analysing the start-up and
turn-off operations of a cross-coupled LC oscillator. Fig. 3.3 shows a simplified equiv-
alent circuit of the oscillator. The two identical inductors L, a capacitor C and a paral-
lel resistor RP form the resonator core. RL is the load resistor, while -RC corresponds
to the non-linear negative impedance generated by the cross-coupled pair.

For the sake of simplicity, we assume that the transfer function of -RC can be ex-
pressed by a third-order linear function with the even-order products cancelled [44].
The relationship between the current iS through -RC and vout can be written as

iS = −gmvout + av3
out (3.6)

where gm is the small-signal equivalent transconductance and a is the third-order
coefficient. From Fig. 3.3, according to Kirchhoff’s current law, the following current
equation can be derived
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Fig. 3.3: Equivalent circuit of a cross-coupled LC oscillator, the cross-coupled pair is
modelled as a negative impedance -RC.

iI + iC + iP + iL + iS = 0 (3.7)

By differentiating Eq. 3.7 with respect to time and by knowing

diI/dt = vout/2L (3.8)

diC/dt = C · d2vout/dt (3.9)

diP/dt = 1/RP · dvout/dt (3.10)

diL/dt = 1/RL · dvout/dt (3.11)

diS/dt = −gm · dvout/dt + 3av2
out · dvout/dt, (3.12)

the differential equation of the output voltage vout will be obtained

C
d2vout

dt2 + (3av2
out − gm +

1
RL

+
1

RP
)

dvout

dt
+

vout

2L
= 0 (3.13)

Here we define ω0 = 1/
√

2LC and GT = 1/RL + 1/RP. Eq. 3.13 can be normalized as

d2vout

dt2 +
1

Cω2
0
(3av2

out + GT − gm)
dvout

dt
+ ω2

0vout = 0 (3.14)

According to [44] and [45], Eq. 3.14 can be solved analytically. The complete solution
of vout can be expressed as

vout =
vp√

1 + [(
vp

vout(0)
)2 − 1] · e−(

gm
GT
−1)ω0t/QP

cos(ω0t + φ0) (3.15)

= A1(t)cos(ω0t + φ0) (3.16)
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with

vp =

√
4(gm − GT)

3a
(3.17)

Qp =
1

GT
·
√

C
2L

(3.18)

where vp corresponds to the steady-state peak voltage, QP is the quality factor of
the resonator core, vout(0) is the initial voltage condition and can originate from the
thermal noise, φ0 is the start-up phase depending on the initial conditions which are
defined as the moment the LC oscillator is turned on. Eq. 3.15 describes the output
voltage swing versus time immediately after the oscillator is turned on. It shows that
the envelope of the oscillation is time-dependent. The waveform immediately after
the oscillator is turned on can be seen in Fig. 3.4.

Fig. 3.4: Transient waveform of the quenched oscillator.

Start-up time

We define the start-up time ts as the time needed for the envelope signal A(t) of the
oscillation to reach 10 percent of vp. From Eq. 3.15, ts can be calculated as

ts =
{ln[( vp

vout(0)
)2 − 1]− 4.6} ·QP

( gm
GT
− 1)ω0

(3.19)

Clearly, ts is inversely proportional to the initial voltage condition vout(0). Addition-
ally, the open loop gain gm/GT and the quality factor QP of the resonator also play an
important role on the start-up performance. In a conventional LC oscillator, vout(0)
is primarily determined by a momentary thermal noise voltage with an amplitude
in the µV range, which causes a relatively slow start-up. However, a fast start-up is
necessary for a low-power UWB transmitter because it can shorten the turn-on time
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for a given output impulse envelope. Based on Eq. 3.19, this can be achieved by
either a high open loop gain or setting vout(0) to a much higher value compared to
noise, e.g., in the mV range. However, a high loop gain always requires high power
consumption. The latter approach can be realized by a suitable DC bias, which is
simple and consumes negligible extra power.

Start-up phase condition

As shown in Eq. 3.15, the initial phase φ0 depends on the initial voltage condition,
i.e. , vout(0). At t=0, Eq. 3.15 can be written as

vout(0) = |vout(0)| · cos(φ0) (3.20)

So, the solution of φ0 equals 0 when vout(0) is positive, while φ0 is π when vout(0)
is negative. The oscillation start-up phases have 180 degree difference under differ-
ent signs of the initial voltage vout(0), this in turn introduces the biphase modulation
function. As a conclusion, a properly controllable DC bias asymmetry of the oscilla-
tor core simultaneously enables a fast oscillation start-up and biphase modulation.

Turn-off time

For generating sub-nanosecond UWB impulses, the LC oscillator is turned on only
briefly, even though the amplitude of the oscillation envelope is smaller than vp.
The circuit implementation for generating the on-chip control signal to switch on
and off the oscillator will be discussed in the following section. As soon as the tail
current of the cross-coupled pair become too small to introduce sufficient negative
impedance, the oscillation subsides. During this turn-off transient, the oscillator cre-
ates a damped oscillation. According to [46], the output waveform during the turn-
off period can be written as

vout = vme−λtcos(ω0t + φ1) (3.21)
= A2(t)cos(ω0t + φ1) (3.22)

where vm is the initial amplitude at the moment the oscillator is turned off, λ is the
exponential decay coefficient and equals 2GT/C, φ1 is the initial phase. Here, we
define that the turn-off time t f is the time needed for the envelope amplitude to fall
down to 0.1·vm. Calculated from Eq. 3.21, t f is given by

t f =
ln(10)

λ
≈ 2.3C

GT
(3.23)

A fast turn-off performance is also critical for short UWB impulse generation. From
Eq. 3.23, a small turn-off time can be realized by a small value of RP. However, this
small resistance reduces the open loop gain, which in turn increases the start-up time.
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As discussed before, vout(0) is set to be in the mV range to introduce a fast start-up,
and it can largely compensate the negative influence of this small resistance RP. So a
short impulse can be generated by briefly turning on the LC oscillator, as shown in
Fig. 3.4.

3.3.2 Circuit Design

The impulse generation concept discussed in section 3.3.1 requires a control signal
to briefly switch on the oscillator. In this design, the control signal is generated by a
Schmitt trigger together with a current spike circuit. So, the complete impulse gener-
ator circuit targeting the FCC mask comprises three function blocks: a Schmitt trigger,
a current spike circuit and an LC oscillator, as shown in Fig. 3.5.

Fig. 3.5: Block diagram of the differential UWB impulse generator targeting for the
FCC indoor mask.

The Schmitt trigger and the current spike circuit generate a current pulse train with a
repetition rate equal to the input clock frequency. These current spikes generate sub-
nanosecond UWB impulses with a repetition rate equal to the input clock frequency.
The complete circuit schematic of this impulse generator can be seen in Fig. 3.6. The
functionality of the individual block will be analysed in the following part.

Schmitt trigger

As shown in Fig. 3.6, the Schmitt trigger is implemented by a comparator incorporat-
ing positive feedback. In this design, the transistor T1 is biased in its off state, while
the output voltage of the Schmitt trigger is low because T2 is conducting. As soon as
a positive input clock signal triggers T1 to be on, the voltage potential at the collector
of T2 immediately increases to high and close to VCC owing to the positive feedback
through R f , with T2 off. The threshold input voltage for switching between the two
states can be very low through careful biasing of T1. Therefore the impulse genera-
tor can operate with very low input power levels. The output voltage of the Schmitt
trigger becomes low again immediately after the positive input signal disappears. A
square-wave signal with an extremely short transition time in picoseconds is gener-
ated by the Schmitt trigger, which eliminates the time-domain influence of the input
clock signal.
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Fig. 3.6: Complete circuit schematic of the proposed differential impulse generator.
Circuit details can be found in Appendix A.1.

Current spike circuit

A current spike is generated at every rising edge of the square wave as the output of
the Schmitt trigger is connected to the current spike circuit. When the Schmitt trigger
provides a high voltage potential at the collector of T2, the current mirror of T3 and
T4 will bring that high potential down to the built-in base-emitter potential of T4. So
the voltage potential at the collector of transistor T3 has a spike performance before
it becomes stable, and this corresponds to a current spike at the collector of T4, as
illustrated in Fig. 3.7.

Fig. 3.7: Transistor level simulations: the collector potential of T3 and the collector
current of T4.

The width of the current spike will be mainly determined by the time constant of the
charging circuit formed by R1 and the base-emitter capacitance CBE3 of T3. This time
constant τ of the charging circuit can be written as
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τ = R1CBE3 (3.24)

Therefore, the current spike width can be precisely controlled by the resistance value
R1 and the size of T3. The full width at half maximum (FWHM) of the spike envelope
is a more precisely measurable figure, and it shows a simulated result of 0.4 ns in
this design. During the rest of a period, the collector current of T4 is too low to turn
the following cross-coupled oscillator on because T3 is chosen much larger than T4.
Furthermore, the amplitude of the current spikes can be easily adjusted by changing
the size of T4. The repetition rate of the current spike train is equal to the input CLK
frequency and is limited by the spike width. This novel spike generation scheme is
capable of output repetition rates well into the GHz range. The Schmitt trigger and
the current spike circuit draw 2.4 mA current under the 1.5 V supply, which is nearly
independent of the input clock frequency.

LC oscillator

As depicted in Fig. 3.6, a cross-coupled pair formed by T5 and T6 provides negative
impedance for the oscillator core. The resonator of this oscillator includes two in-
ductors, one capacitor and a parallel resistor. The LC oscillator is turned on by the
current spikes generated on-chip once the collector currents of the cross-coupled pair
are high enough to create a negative real part of the impedance at the collector ter-
minals. Here, the sizes of T5 and T6 are different, creating the unambiguous initial
voltage condition vout(0) in the mV range. According to the investigation in Sec. 3.3.1,
this setting shortens the start-up time and also ensures that the oscillation starts up
always with the same phase, which makes the generated impulses suitable for both
correlation and energy detection schemes. The fast start-up is required to minimize
the required pulse width of the current spikes for a given duration of the generated
UWB impulse, this in turn reduces the power consumption. The functionality of R2
is to quench the oscillator off quickly immediately after the current spike has disap-
peared, which is necessary for short time-domain impulses, as discussed in Sec. 3.3.1.
The centre frequency ω0 of the UWB impulses is determined by L1, L2, C1 as well as
the parasitic capacitance Cpara, it can be expressed as

ω0 =
1√

(C1 + Cpara)(L1 + L2)
(3.25)

For a good compliance with the FCC mask, the centre frequency is set at 6 GHz. The
output is decoupled by two large capacitors. No buffer stage is employed, further
decreasing the complexity of the circuit and the power consumption. Thus, short
time-domain impulses with a repetition rate equal to the input clock frequency are
generated. Fig. 3.8 illustrates the simulated results of the generated 200 MHz impulse
sequence and the corresponding input clock signal. As can be seen, a UWB impulse
is generated at every rising edge of the input clock signal.
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Fig. 3.8: Simulated waveforms of (a) the input clock signal with a frequency of 200
MHz and (b) the generated impulse sequence with a repetition rate equal to the input
clock frequency.

The microphotograph of the realized impulse generator IC can be seen in Fig. 3.9.
Due to a simple circuit topology, the IC is compact with an overall area of 0.6 x 0.5
mm2 including bond pads. For characterization, the chip was mounted on a 0.5 mm-
thick Rogers R04003C substrate and wire-bonded to external microstrip transmission
lines. An SMD chip capacitor is placed in close proximity to the Vcc port.

Fig. 3.9: Microphotograph of the realized impulse generator IC. Chip size is 0.3 mm2.

3.3.3 Measurement Results

The measurements were performed using a sinusoidal continuous-wave signal source
to generate the input signal to the impulse generator. The two differential output
ports were connected to two channels of a real time oscilloscope with a bandwidth of
13 GHz. The differential output is extracted using the subtraction feature of the oscil-
loscope. First, the fabricated impulse generator was fed with a 100 MHz sinusoidal
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input signal with a power level of -15 dBm. The measured waveform in comparison
with the simulation result is seen in Fig. 3.10. It clearly indicates that the simulation
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Fig. 3.10: Measured and simulated impulse waveforms. Here the waveforms are
normalized for a good comparison.

and measurement results are in good agreement. The measured output impulse se-
quence with a repetition rate of 100 MHz is shown in Fig. 3.11 (a). The overall power
consumption at this rate is 6 mW under a 1.5 V supply voltage, this corresponds to
an energy consumption of 60 pJ per pulse. As can be seen, the measured impulses
have a peak-peak amplitude of 210 mV, and the impulse envelope has a FWHM of
0.3 ns.
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Fig. 3.11: Measured results of the 100 MHz impulse train in (a) time and (b) frequency
domain.

Fig. 3.11 (b) depicts the spectrum of the measured 100 MHz impulse train. The mea-
sured result shows a maximum PSD of -41.3 dBm/MHz. It has a 10 dB bandwidth
of 4.9 GHz from 3.5-8.4 GHz with the centre frequency around 6 GHz. It can be seen
that the output spectrum complies well with the FCC spectral mask for indoor UWB
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applications. It is worth to mention that the spectra do violate the mask in the GPS
notch, however, this will be remedied by the antenna frequency response.

Secondly, the circuit was tested at 200 MHz and 1.3 GHz input frequencies, respec-
tively. The measured output waveforms can be seen in Fig. 3.12. It shows that the
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Fig. 3.12: Measured output UWB impulse waveforms at (a) 200 MHz and (b) 1.3 GHz
input frequencies.

realized circuit generates uniform impulses in terms of pulse shape and amplitude
up to 1.3 GHz. The circuit can also work in excess of 1.3 GHz, but with a degraded
performance. This is mainly because either transistor T1 or T2 is in saturation, and the
bipolar transistors need some time to recover from saturation. The complete impulse
generator consumes 6.5 mW at 200 MHz and 9.7 mW at 1.3 GHz impulse repetition
rates, and the energy consumption per pulse is 32.5 pJ and 7.4 pJ, respectively.

Fig. 3.13 illustrates the energy consumption per pulse versus the output impulse rep-
etition rate. It indicates that the impulse generator has a lower energy consumption
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Fig. 3.13: Measured energy consumption per pulse versus output impulse repetition
rate. It decreases with increasing repetition rate.
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per pulse at higher output impulse repetition rate. This is due to the frequency-
independent power consumption of the Schmitt trigger together with the current
spike circuit. As can be seen, the energy consumption per pulse is smaller than 10 pJ
when the output impulse repetition rate is larger than 800 MHz.

In order to construct the complete UWB transmitter, a dipole fed circular slot antenna
is employed. The antenna is provided through the project collaboration with the
Institute of Microwave Techniques at UIm University and is realized on a Rogers
RO4003C substrate. It has a circular aperture in the ground plane and a broadband
dipole element on the reverse side exciting this aperture. Measured results show a
quite uniform radiation pattern over the band from 3.1-10.6 GHz and a mean gain of
2.9 dBi. More detailed information on the antenna can be found in [48]. The impulse
generator IC is mounted on the substrate where the dipole fed circular slot antenna
is realized and wire-bonded to the feed-lines, as shown in Fig. 3.14. A commercial
voltage regulator is employed to allow the transmitter to operate from a 6 V battery
supply. Transient measurements of the UWB transmitter both in the E-plane and H-

Fig. 3.14: Photograph of the front view of the complete transmitter.

plane were performed. The measured results are illustrated in Fig. 3.15. The pictures
show the measured normalized voltage amplitude against azimuth angle and time.
The data between -0.2 and 0.3 ns clearly shows the multi-cycle impulse in the time
domain. It can be seen that the differential antenna has a very wide beam-width,
which is helpful for communication applications.

3.4 Differential Tunable Impulse Generator

The impulse generator presented in section 3.3 is easily modified to introduce tun-
ability. This section explains the circuit implementation to achieve the tunable func-
tion and presents the measured results of the realized IC.
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Fig. 3.15: Normalized received amplitudes in the (a) E-plane and (b) H-plane.

3.4.1 Circuit Implementation

As discussed in section 3.3.2, the current spike width is mainly determined by the
resistance value R1 and the size of transistor T3 shown in Fig. 3.6. Here, a control
circuit is introduced to generate a configurable current spike width. This leads to a
tunable duration of the generated impulses, whose spectrum correspondingly has a
controllable 10 dB bandwidth. Meanwhile, a varactor is used in the oscillator core
to adjust the centre frequency of the impulses. The complete block diagram of this
impulse generator can be seen in Fig. 3.16. The two tuning voltages (Vtune1 and
Vtune2) set the impulse parameters to conform to the spectral allocations in the USA,
Europe and Japan. To the best of the author’s knowledge, this is the first pulse source
with direct pulse generation adaptable to all the three bands.

Fig. 3.16: Block diagram of the differential tunable UWB impulse generator.

Fig. 3.17 plots the complete schematic of the tunable impulse generator. Compared to
the circuit shown in Fig. 3.6, two modifications have been done: a parallel capacitor
CB3 which is switched in and out by transistor T7 is inserted and a varactor C2 is
placed in series with capacitor C1. The capacitance value of CB3 is 2 pF. Consider Fig.
3.17, when Vtune1 = 0, the transistor T7 is off and the charging circuit only includes R1
and CBE3. The time constant τ of the charging circuit is the same as in Eq. 3.24. When
Vtune1 = 1 V, T7 is on. For simplicity, the transistor T7 can be treated as an ideal switch
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Fig. 3.17: Complete circuit schematic of the impulse generator tunable to FCC, ECC
and Japanese masks. Detailed circuit parameters are presented in Appendix A.2.

here and the charging circuit includes R1 and CBE3 in parallel with CB3. In this case,
the time constant τ can be written as

τ = R1(CBE3 + CB3) (3.26)

In the latter case, the current spike width will be much wider because CB3 is much
larger than CBE3. By suitable selection of the resistance value of R1, the current spike
has a FWHM of either 0.4 ns or 2 ns. The different spike widths correspondingly
introduce different durations of the oscillation, as indicated in Fig. 3.18.

Current spike

Output

Fig. 3.18: The relationship between the current spike width and the output oscillation
signal.

Different from Fig. 3.6, the circuit here employs a varactor inside of the oscillator
core. The centre frequency ω0 is determined by L1, L2, C1, C2 as well as the parasitic
capacitance Cpara. It can be expressed as
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ω0 =
1√

( C1C2
C1+C2

+ Cpara)(L1 + L2)
(3.27)

where the value of C2 is controlled by the control voltage Vtune2. Consequently, ω0 is
directly related to Vtune2.

As a conclusion, when the shorter spike current with Vtune1 = 0 triggers the oscillator,
the generated impulse will be very short. The corresponding spectrum has a large
10 dB bandwidth and complies with the FCC mask. Under the condition of Vtune1
= 1 V, multi-cycle impulses with a reduced 10 dB bandwidth are generated. The
oscillation in this mode is quenched off after a certain duration. By adjusting the
centre frequency ω0 by changing the varactor capacitance C2, it suits either the ECC
or the Japanese spectral mask. The microphotograph of the realized tunable impulse
generator is shown in Fig. 3.19. It is a compact design with an area of 0.53 x 0.61
mm2.

Fig. 3.19: Microphotogragh of the realized impulse generator IC. This compact design
has an area of 0.32 mm2.

3.4.2 Measured Results

The tunable impulse generator was measured on wafer. Ground-signal-ground (GSG)
and ground-signal-signal-ground (GSSG) microwave probes with a 100 µm pitch
were used to connect the input and output ports of the circuit. The circuit was tested
with a 100 MHz sinusoidal input signal.

A. Targeting the FCC mask

By setting Vtune1 = 0 and Vtune2 = 2.0 V, the generated impulses target the FCC mask.
Now the LC oscillator is triggered with shorter current spikes generated on chip.
Fig. 3.20 (a) shows the measured 100 MHz impulse train in the time domain. The
measured sub-nanosecond impulses have a peak-peak amplitude of 0.36 V. As can
be seen, the FWHM of the envelope for these impulses is around 0.4 ns. The circuit
consumes a total power of 6 mW. The output impulse repetition rate in this mode
can be up to the GHz range. Fig. 3.20 (b) plots the normalized PSD of this impulse
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Fig. 3.20: Measured impulse train in (a) time and (b) frequency domain. The output
spectrum complies well with the FCC indoor mask.

train complying with the normalized FCC mask for indoor systems. In general, the
maximum EIRP also depends on the gain of the transmission antenna, the impulse
repetition rate and the modulation type. A normalized PSD can sufficiently show the
fitness for the spectral mask. This impulse train has a 10 dB bandwidth of 4.2 GHz
from 5 to 9.2 GHz with the center frequency around 7 GHz. It can be seen that the
output spectrum complies well with the FCC indoor mask.

B. Targeting the ECC mask

The impulse generator is suitable for the ECC mask when Vtune1 = 1 V and Vtune2 =
2.3 V. The LC oscillator is triggered with a longer current spike with a FWHM of 2 ns
under these conditions. The measured output impulse train in the time domain can
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Fig. 3.21: Measured impulse train with a repetition rate of 100 MHz rate in (a) time
and (b) frequency domain under the ECC mode.

be seen in Fig. 3.21 (a). The impulses have a peak-peak amplitude of 0.5 V and the
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FWHM of the envelope is around 2 ns. The circuit has a total power consumption
of 10 mW and a maximum output impulse repetition rate exceeding 300 MHz in this
situation. Fig. 3.21 (b) shows the spectrum information of the measured 100 MHz
impulse train. It has a centre frequency around 7 GHz with a 10 dB bandwidth of 600
MHz. As can be seen, the output spectrum fits well into the ECC mask.

C. Targeting the Japanese mask

Through changing the value of Vtune2, the center frequency of the impulses will be
shifted. Fig. 3.22 (a) shows the measured time-domain waveforms. In this measure-
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Fig. 3.22: Measured impulse train with a repetition rate of 100 MHz rate in (a) time
and (b) frequency domain with targeting the Japanese mask.

ment, Vtune1 = 1 V and Vtune2 = 6 V. The measured impulse train has a similar enve-
lope as in the last case because the triggering current spike has the same width. The
peak-peak amplitude of the impulses, whose envelope has a FWHM of 2 ns, is 0.5 V.
The complete power consumption in this mode is 10 mW. The spectrum information
is plotted in Fig. 3.22 (b). It shows that the centre frequency is shifted to 8.7 GHz,
leading to a good fit with the Japanese mask. The performance measured on wafer
under these three modes are summarized in Tab. 3.1. As a conclusion, this circuit

Target VPP FWHM of the envelope 10 dB BW Power cons.
/V /ns /GHz /mW

FCC 0.36 0.4 4.2 6
V1=0, V2=2.0 V

ECC 0.5 2 0.6 10
V1=1 V, V2=2.3 V

Japanese mask 0.5 2 0.6 10
V1=1 V, V2=6 V

Tab. 3.1: Performance summary of the tunable impulse generator.
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shows a low power consumption under all these three modes. The tunable function
is easily achieved by adjusting two control voltages. This impulse generator can be
used for OOK and PPM schemes in all these three modes.

The impulse generator IC is also mounted on a RO4003C laminate which is pack-
aged in an aluminium case, as shown in Fig. 3.23 (a). SMA connectors are employed
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Fig. 3.23: (a) Picture of the packaged circuit and (b) comparison of the packaged and
on-wafer measured impulse waveforms.

for characterizing the performance of the transmitter. In Fig. 3.23 (b), the measured
time-domain waveform targeting the FCC indoor mask can be seen. It is compared
with the result measured on wafer under the same settings. It can be seen that the
packaging only has a negligible influence. The slight increase of the amplitude of the
packaged version is due to omitting feed cables used in the on-wafer measurement
which cause slight attenuation. The measurement results in the other two modes also
show great agreement with results measured on wafer.

3.5 Differential Impulse Generator with BPM Function

BPM capability can be introduced by modifying the DC currents flowing in the indi-
vidual branches of the cross-coupled LC oscillator. This section explains the circuit
implementation to achieve biphase modulation function and shows the measured
results of the successfully realized IC.

3.5.1 Circuit Implementation

The block digram of the impulse generator with the BPM function can be seen in Fig.
3.24. Different from the impulse generator design presented in Sec. 3.3, a phase con-
trol circuit is employed to introduce a controllable asymmetry in the oscillator core,



3.5. DIFFERENTIAL IMPULSE GENERATOR WITH BPM FUNCTION 31

Fig. 3.24: Block diagram of the differential UWB impulse generator with BPM func-
tion.

which in turn generates controllable start-up phase conditions. This property realizes
the BPM functionality.

The complete circuit schematic of this impulse generator is plotted in Fig. 3.25. Com-
pared to the circuit plotted in Fig. 3.6, a phase control circuit determining the DC
current flowing in the individual branch of the oscillator core is added. Furthermore,
T5 and T6 have the same size. As shown in Fig. 3.25, additional branch currents are
injected through current mirrors implemented with T7, T9 and T8,T10. If the input
data signal is low, transistor T9 blocks, and the collector current I1 of T7 is zero due
to the current mirror configuration. At the same time, the supply voltage V1 lets T10
conduct, this correspondingly introduces a collector current I2 of T8 owing to the cur-
rent mirror configuration of T8 and T10, because T11 is off. The current I2 causes a

Fig. 3.25: Complete circuit schematic of the differential impulse generator with BPM
function. Detailed circuit parameters can be found in Appendix A.3.

voltage drop through the resistor RL2 which is connected in series with the induc-
tor L2. As a result, the voltage potential at point B is lower than that at A, which
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makes the initial voltage condition vout(0) positive. If the input data signal is high,
the transistor T11 switches into saturation, correspondingly, T10 blocks. As a result,
the collector current I2 of T8 is zero. Meanwhile, T9 is turned on, which introduces
a collector current I1 in T7. In this situation, the voltage potential at point B is larger
than that at A, making vout(0) negative. As a conclusion, different applied data signal
levels generate opposite signs of the initial voltage condition.

According to Eq. 3.20, the initial phase φ0 depends on the initial voltage condition
vout(0), i.e., the solution of φ0 equals 0 if vout(0) is set to positive, while φ0 is π when
vout(0) is negative. The LC oscillator will start up in one of these two phase states as
soon as the collector current of the tail transistor T4 is high enough to create a negative
real part of the impedance at the collector terminals of the cross-coupled pair (T5
and T6). This controllable phase condition introduces a BPM function. Additionally,
the different voltage potentials at points A and B with an amplitude in mV range
significantly shortens the start-up time, according to Eq. 3.19.

Fig. 3.26 shows the micro-photograph of the realized impulse generator IC. It is a
quite compact design with an overall area of 0.3 mm2. It is worth to mention that
this UWB impulse generator can also be used for OOK and PPM schemes, using
appropriately modulated input signal.

Fig. 3.26: Microphotogragh of the realized impulse generator IC. This compact design
has an overall area of 0.56 x 0.53 mm2 including bond pads.

3.5.2 Measured Results

First, the IC was characterized on wafer using microwave GSG and GSSG probes.
The input clock port was fed with a 200 MHz sinusoidal signal with a power level of
-15 dBm, while the data port is connected to ground. Fig. 3.27 depicts the measured
time-domain waveform in comparison with the simulation result. It can be seen that
both results are in excellent agreement. The measured impulse waveform has a peak-
peak amplitude of 260 mV and an envelope width of 0.3 ns FWHM. Additionally, the
impulse shape shows a great symmetry with fast start-up and turn-off. The complete
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power consumption under this set-up is 8.7 mW, which corresponds to an energy
consumption of 43.5 pJ per pulse.
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Fig. 3.27: Comparison of the measured and simulated impulse waveforms with the
data port shorted to ground.

Then, different voltages (either 0 or 1.2 V) were applied to the data port with the
purpose of demonstrating the BPM performance. The measured results with a 200
MHz clock signal is shown in Fig. 3.28. It can be seen that the orientation of the
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Fig. 3.28: Measured impulses with different applied data signal in time domain. The
results show a perfect biphase modulation.

impulses is clearly reversed due to the opposite start-up phase conditions. A good
BPM is achieved because the other parameters, such as the Q-factor and resonant
frequency are identical, the impulse shapes are almost the same under these two
conditions. The complete power consumption is 10.6 mW when the 1.2 V voltage
applied on the data port, which is slightly higher compared to the case of the data
port connected ground. This is because a larger collector current is required to switch
the transistor T11 into saturation.
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Fig. 3.29 depicts the normalized spectra of the 200 MHz impulse trains with different
applied data signals. Clearly, the very short impulses have an extremely large band-
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Fig. 3.29: Measured impulses with different applied data signal in frequency domain.
The output spectra of the 200 MHz impulse trains in both situations comply well with
the FCC indoor mask.

width. The measured 10 dB bandwidth is from 2.6 - 9.6 GHz when the data port is
grounded, and from 2.6- 10.2 GHz if the data port is 1.2 V. The spectrum lines under
these two set-ups overlap with each other quite well. The spectra do violate the mask
in the GPS notch, however, this will be remedied by the antenna frequency response.
The on-wafer measured results under the two set-ups are summarized in Tab. 3.2.

Mode 10dB bandwidth VPP power cons.
(setting) (GHz) (V) (mW)
data = 0 7 0.26 8.7

data = 1.2 V 7.6 0.26 10.6

Tab. 3.2: Performances of impulse generator with different applied voltages at the
data port.

Furthermore, to demonstrate the high-speed performance, the IC was tested with a
1.2 GHz sinusoidal CLK signal. The measured impulse waveforms are shown in Fig.
3.30 (a). It can be seen that the impulse shape is still symmetric. The circuit has a low
power consumption of 15 mW with data port grounded, and 17 mW with data port
connected to 1.2 V. The corresponding energy consumption per impulse is 12.5 pJ and
14.2 pJ respectively. Another experiment was performed to verify the IC can generate
a biphase modulated impulse sequence. Fig. 3.30 (b) displays the measured clock
signal, modulated data signal and measured modulated impulse sequence. The total
power consumption of the impulse generator is 9.8 mW in this mode of operation.

The impulse generator IC is again mounted on an RO4003C substrate and packaged
in an aluminium case, as shown in Fig. 3.31 (a). The packaged IC is measured under
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Fig. 3.30: (a) Measured 1.2 GHz impulse trains with different applied voltages at the
data port and (b) impulse sequence of an applied modulation signal through data
port.

the conditions that the clock port is fed with a 200 MHz sinusoidal signal and the data
port is grounded. Fig. 3.31 (b) displays a comparison of the measured waveforms.
It can be seen that the packaging introduces negligible influence on the circuit per-
formance. Fig. 3.31 (c) illustrates the impulse generator IC packaged together with a
dipole fed circular slot antenna.
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Fig. 3.31: (a) Package picture and (b) comparison between packaged and on-wafer
measured impulse waveforms and (c) the complete transmitter.

3.6 In-body UWB Beacon Transmitter

This section describes the implementation of an active UWB beacon transmitter which
can be integrated on catheter tips as a means of tracking interventional devices. Sev-
eral techniques have been reported for catheter tracking, such as X-ray, electromag-
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netic means based on nine coils [49], magnetic resonance imaging (MRI) [50] and
ultra-sonic technique [51]. Among them, X-ray is the most common technique. Com-
pared to X-ray, UWB technology has the advantage of very low energy radiation.
Moreover, UWB approach has the property of lower complexity and decreased cost.

Here a UWB transmitter is designed as an active beacon to localize in-body interven-
tional devices. Different from the previously described impulse generators, a high
output voltage swing is required to partially compensate for the high attenuation in
biological tissue. This is achieved by employing a UWB power amplifier (PA) to fur-
ther amplify the generated impulses. For realizing a low power consumption, a sleep
mode is introduced to the PA.

3.6.1 Transmitter Topology

Fig. 3.32 illustrates the block diagram of the proposed UWB transmitter. As can be

Fig. 3.32: Complete block diagram of the proposed differential UWB transmitter em-
ployed as an active beacon.

seen, the impulse generation principle is similar to the one described in Sec. 3.3.2.
Different from the previous versions, a monoflop circuit and a UWB PA are added.
A voltage spike train generated by the Schmitt trigger and the current spike circuit
controls the monoflop circuit. The output of the mono-flop ensures that the PA is only
turned on during the impulse generation period. This property significantly reduces
the power consumption of the transmitter.

3.6.2 Impulse Generation and Monoflop Circuit

The schematic of the impulse generation circuit together with the mono-flop can be
seen in Fig. 3.33. As discussed in Sec. 3.3.2, the Schmitt trigger and the current spike
circuit generate current spikes to briefly switch on the LC oscillator. With proper
selections of the transistor sizes and the passive component values, simulation results
show that the generated impulses have an envelope width of 0.4 ns FWHM and an
amplitude of 0.2 VPP in this design. Meanwhile, the collector voltage spike in T3
performs as the input signal to the monoflop circuit. The mono-flop circuit generates
another voltage spike train with the spike width determined by the resistance R2
and the capacitance C2. These voltage spikes in turn generate current spikes at the
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Fig. 3.33: Circuit schematic of the impulse generation circuit and the monoflop. Cir-
cuit details are given in the Appendix A.4.

collectors of T9 and T10, which are used to briefly activate the differential PA in the
following stage.

Fig. 3.34 shows the simulated information of I1, I2 and the collector potential of T3. As
can be seen, the mono-flop delays I2 slightly compared to I1 in order to compensate
the delay generated by the LC oscillator. So the differential UWB PA is turned on
only when the generated impulses arrive at the PA. The widths of I2 and I3 are the
same and selected according to the width of the impulses from the LC oscillator.

Fig. 3.34: Transistor level simulation: the collector potential of T3, I1, I2.
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3.6.3 Differential UWB Power Amplifier

A PA with wide bandwidth is required to further amplify the impulses from the
LC oscillator since a high output voltage swing is required for in-body localizations.
Several approaches for designing a wideband PA have been published. E.g., [52] pro-
poses a distributed architecture to provide wide-band gain and shows an output 1 dB
compression point (OP1dB) above 5.6 dBm between 3-10 GHz. However, it occupies
a large chip area and has a high power consumption. Another design, shown in [53],
reports a single-ended PA adopting a current-reuse technique, inductive peaking and
resistive feedback. Although this circuit topology is simple, the on-chip spiral induc-
tors occupy a large chip area.

In this thesis a fully differential PA based on resistive feedback with a simple circuit
topology is proposed, as illustrated in Fig. 3.35. The inductor-less design minimizes
chip area while the resistive negative feedback results in near-constant group delay
across the complete UWB band. The input and output are differential as the PA will
be directly connected to the output of the LC oscillator and its output is fed to a sym-
metrical antenna. A current mirror is used to bias the differential cascode stage. The
two current sources (I2 and I3) are controlled by the mono-flop, which introduces the
sleep mode, as discussed. The circuit performance in the differential mode is dis-

Fig. 3.35: Complete Schematic diagram of the fully differential UWB PA. Detailed
circuit parameters are presented in Appendix A.4.

cussed here. As shown in Fig. 3.35, the emitter-coupled pair consists of two identical
half circuits. Only the left half-circuit is discussed in the following. Transistor T1,
which is in common emitter configuration, and transistor T3 in common base topol-
ogy form the cascode configuration. The cascode topology is employed to reduce the
Miller effect at the input of transistor T1, which in turn increases the operating band-
width. In this design, the key technique for achieving ultra-wide bandwidth is the
resistive feedback (R f ), which is a widely-used approach to exchange gain for band-
width [54, 55]. C f is inserted for DC-decoupling. According to [54], the increment
of the 3-dB bandwidth depends on the open-loop DC voltage gain A0 of the cascode
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structure (T1 and T3) and the feedback resistance R f . If the 3-dB cut-off frequency
of the open-loop cascode structure is ω0, the closed-loop cut-off frequency can be
expressed as

ω′0 = ω0(1 +
A0RG

RG + R f
) (3.28)

where RG is the source impedance and equals to 50 Ω. For a compromise between
sufficient gain, achievable bandwidth and high linearity, the emitter size of T1 is cho-
sen to be 0.5µm x 30µm and the collector current is 10 mA. S-parameter simulation
was performed to investigate the open-loop 3-dB bandwidth of the cascode structure.
It shows a simulated open-loop 3-dB bandwidth of 3.8 GHz and a simulated open-
loop DC voltage gain of 30 dB. If the wanted bandwidth is around 13 GHz which
is larger than the bandwidth of the generated UWB impulses, the needed resistance
value of R f is 590 Ω, calculated from Eq. 3.28. Then, the closed-loop DC voltage gain
can be calculated as

A′0 = − A0RF

RF + (1 + A0)RG
= −8.4 = 18.5(dB) (3.29)

It can be clearly seen that the shunt-shunt feedback does enhance the bandwidth,
however, at the cost of gain reduction. Another important issue to be discussed here
is matching. The input impedance is designed to be around 100 Ω since the LC os-
cillator needs such a load. This is easily realized by the resistive feedback. The in-
body antennas have a low feed-point impedance, and hence the output buffers are
designed for around 15 Ω output resistance.

For characterizing the PA performance, a differential PA with continuously supplied
currents was fabricated and measured. Differential S-parameters were measured
with the help of two identical passive microstrip line UWB baluns, whose influence
was removed during the calibration process. The measured S-parameters can be seen
in Fig. 3.36. The measured results show a maximum differential gain of 19 dB with a
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Fig. 3.36: Comparison of the measured and simulated S-parameter magnitudes.

2 dB variation in the complete FCC allocated frequency range from 3.1 to 10.6 GHz.
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The input return loss is better than 8.5 dB in the whole UWB frequency range. Be-
cause the output impedance is designed for an in-body symmetrical antenna which
has a small feed point resistance around 15 Ω, S22 is normalized to 15 Ω and shown
in Fig. 3.36 (b). The output return loss has a value better than 5 dB.

The linearity of this PA was characterized by OP1dB. Fig. 3.37 depicts the measured
result in the complete FCC allocated frequency band. It can be seen that this am-

 7

 8

 9

 10

 11

 3  4  5  6  7  8  9  10  11

O
P

1
d

B
 /

d
B

m

Frequency /GHz

Fig. 3.37: The measured OP1dB of the differential PA versus frequencies in the FCC
allocated range.

plifier achieves more than 8.6 dBm output power at 1 dB compression points from
3-11 GHz, and the maximum achievable OP1dB is 10.5 dBm at 5 GHz. The differen-
tial PA has a power consumption of 260 mW. However, when it operates together
with the monoflop circuit, the PA operates in the sleep mode with almost no power
consumption during most of a period. Therefore, the PA power consumption will be
significantly reduced when the sleep mode is introduced, depending on the clock fre-
quency. The micro-photograph of the complete transmitter can be seen in Fig. 3.38.
This chip has a small size of 0.39 mm2 including all bond pads.

Fig. 3.38: Chip micro-photograph of the differential UWB transmitter.
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3.6.4 Transmitter Characterization

The fabricated IC was first tested on wafer. A 200 MHz sinusoidal signal with a
power level of -15 dBm is used as the input clock signal, and a real-time oscilloscope
with a 13 GHz bandwidth was used to record the output waveforms. Fig. 3.39 (a)
shows the recorded output impulse train. The measured impulses have a peak-peak
amplitude of 1.8 V and an envelope width of 0.5 ns FWHM. The complete transmitter
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Fig. 3.39: Measurement results of (a) the time-domain impulse sequence with a repe-
tition rate of 200 MHz and (b) the corresponding spectrum information.

consumes a DC power of 30 mW at 200 MHz pulse rate due to the PA sleep mode. The
maximum output pulse repetition rate can be into the GHz range. The corresponding
normalized spectrum of the measured impulse train can be seen in Fig. 3.39 (b). It
has a large 10-dB bandwidth of 3 GHz.

For realizing the complete beacon transmitter, the IC is mounted at the feed point
of a compact dipole antenna. The antenna structure can be seen in Fig. 3.40 (a). It
is realized on a Duroid 6010 substrate with a relative electric permittivity of 10.8.
This implanted antenna is based on a dipole structure with an elliptical shape, which
increases the operating bandwidth. Miniaturization of the antenna is achieved owing
to the high permittivity environment. A recess is designed to allow the insertion of
the transmitter IC, which decreases the length of bond wires. A detailed explanation
of the antenna can be found in [56]. The photograph of the complete UWB transmitter
is illustrated in Fig. 3.40 (b). The antenna substrate and the IC are sealed by a layer of
water-resistive glue, which allows the transmitter to be placed in a tissue-mimicking
fluid. Because of the compact antenna, the complete transmitter has a size of 9 mm
x 20 mm. This small size makes the transmitter suitable for in-body applications.
Detailed information on the antenna substrate is depicted in Fig. 3.40 (c). As can be
seen, the IC is mounted chip-on-board at the feedpoint of the symmetric antenna.
Fig. 3.40 (d) shows the microphotograph of the IC packaged using a wire bonding
approach. Three planar SMD chip capacitors are placed in close proximity to the DC
ports of the transmitter IC to compensate for the bond wire inductance.
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(a) (b)

(c) (d)

Fig. 3.40: (a) Picture of the antenna structure, (b) photograph of the complete UWB
transmitter with the IC sealed by water-resistive glue, (c) photograph of the antenna
substrate and (d) microphotograph of the transmitter IC placed chip-on-board on the
antenna substrate.

To characterize the packaged transmitter, a medium with similar dielectric properties
as human tissue is needed. Therefore, it is worth to mention the properties of human
tissues.

Dielectric properties of human tissues

The properties of biological tissues have been investigated in [57]. The relative electri-
cal permittivity and attenuation constants of various tissue components are different,
which is due to the different levels of water content. Fig. 3.41 (a) plots the relative
permittivity of human skin, fat, muscle and blood from 3-11 GHz. The corresponding
attenuation constants are shown in 3.41 (b). As can be seen, all these tissues have a
strongly dispersive behaviour. E.g., the relative permittivity of the human skin varies
from 29 to 38, and the attenuation constant from 5 dB/cm to 25 dB/cm in the UWB
allocated frequency range.

Tissue replacement liquid

The commercially available tissue replacement medium used in this thesis is HSL
5800, which is a mixture of water, oil, and salt [58]. The relative permittivity and
the attenuation constant of this tissue-mimicking liquid are shown in Fig. 3.42. As
can be seen, both the relative permittivity and the attenuation constant have a linear
frequency response. A comparison of HSL 5800 and skin tissue is illustrated in Fig.
3.42, which shows good agreement. Therefore, this medium HSL 5800 can be used as
a replacement for the human tissue during the measurements.
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(a) (b)

Fig. 3.41: The relative permittivity (a) and the attenuation constants (b) of the various
human tissues. All of them show a linear frequency behaviour.

The set-up for characterizing the packaged beacon transmitter immersed in the tissue-
mimicking liquid HSL 5800 is illustrated in Fig. 3.43. Another implanted antenna is
employed as the receiving antenna, which is a UWB triplate-fed slot antenna opti-
mized for radiation in human tissue [59]. This receiving antenna can be placed in the
tissue-mimicking liquid and has a mean gain of 3.8 dBi from 3.1-10.6 GHz. A stepper
motor on top of the liquid tank can precisely control the distance between the trans-
mitter and the receiver antenna, and this distance is 3 cm in this measurement. The
received waveforms were recorded by a real time oscilloscope.

(a) (b)

Fig. 3.42: The relative permittivity (a) and the attenuation constant (b) of the tissue-
mimicking liquid HSL 5800. It is a suitable replacement medium for the human skin
in the test environment.

This transmission measurement in the liquid was performed in the time domain.
The received impulse waveform can be seen in Fig. 3.44. The liquid introduces a
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Fig. 3.43: Measurement set-up when characterizing the UWB beacon transmitter.
Both the transmitter and the receiver antenna are immersed into the liquid.

large attenuation which makes the amplitude of the received waveform extremely
small. Moreover, it clearly indicates that the received impulse shape is significantly
broadened. This is mainly due to the increased losses for higher frequencies in the
HSL 5800. However, the IR-UWB impulse transmission in this liquid is still well
achieved.

Fig. 3.44: The received impulse waveform with the receive antenna placed with a
distance of 3 cm from the transmitter.

Furthermore, the radiation pattern of the transmitter was determined. The distance
of the two antennas is still set to 3 cm. The transmitter antenna is rotated and the re-
ceived impulses are recorded by the real time oscilloscope. The rotation is realized by
the stepper motor. Fig. 3.45 illustrates the information of the transmitter rotation. As
can be seen, the transmitter is rotated in both E-plane and H-plane. The amplitude of
the received impulse at different radiation angles is recorded. Then, the relative re-
ceived amplitudes versus the rotation angles both in E-pane and H-plane are plotted,
as shown in Fig. 3.46.
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Fig. 3.45: The rotation details of the UWB transmitter for radiation pattern measure-
ment.

(a) (b)

Fig. 3.46: Relative amplitude of the received impulse when rotating the transmitter
in (a) E-plane and (b) H-plane.



Chapter 4

Differential IR-UWB Receiver Design

In this chapter different types of receiver frontends are described, which make use
of the FCC indoor mask. First a brief review of two widely used receiver topologies
for the IR-UWB applications is presented. Then the individual building blocks of the
receivers are discussed in detail. Finally, two kinds of receiver frontends are designed
and characterized.

4.1 Basic Receiver Concepts

In general, there are two widely used IR-UWB receiver structures: correlation re-
ceivers and energy detection receivers [60–62]. The correlation receivers are insensi-
tive to interference, but at the cost of requiring precise synchronization. In contrast,
the energy detection receivers are conceptionally simple and do not require synchro-
nization, but are not robust to in-band interferers. This section presents a brief dis-
cussion on these two receiver structures.

4.1.1 Correlation Detection

The architecture of a correlation-based receiver is shown in Fig. 4.1. The receiver con-
sists of a receiving antenna, a UWB LNA, a template impulse generator which gener-
ates the same waveforms as the transmitted impulses, a UWB multiplier and an inte-
grator circuit. The correlation operation is performed by feeding the received UWB
impulses, amplified by a wideband differential LNA, and the template impulses gen-
erated on chip into a UWB multiplier. The multiplier output is a measure indicating
the alignment of the template impulse with the received impulse in time and shape.
In general, the template impulse generator is the same as the impulse generator on
the transmitter side. Correspondingly, the received impulse waveforms, which in-
clude antenna and transmission media influences may not exactly match the tem-
plate waveforms. However, this difference is accepted in this thesis in order to keep

46
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X ∫ dt

LNA Multiplier Integrator Processing

μP

IG
Template impulse 
generator

Antenna

Fig. 4.1: Block diagram of a typical correlation detection receiver.

the architecture simple. Indeed, a cross-correlation is performed in this simple re-
ceiver. Mathematically, a cross-correlation function (CCF) is defined to express the
influence of the time shift τ between the two impulses. The function of the CCF can
be expressed as

CCF(τ) =
∫ +∞

−∞
R∗(t)T(t + τ)dt (4.1)

where R(t) and T(t) are the received impulse and the template impulse, respectively.
When R(t) and T(t) are not complex valued functions, the complex conjugate of R(t)
can be omitted. The CCF achieves its maximum value when the two impulses are
exactly time-aligned with each other. The cross-correlation receiver is a classical
matched filter system and provides the best performance in terms of signal to noise
ratio when R(t) and T(t) are matched in time [62]. It presents a significant resistance
to in-band interferences.

Previous publications have investigated the influence of time shifts between the re-
ceived and template impulses. E.g., [27] plots the correlation function of the fifth
derivative Gaussian pulses. It clearly indicates that a slight misalignment between
the two impulses in the range of picoseconds in the time domain results in a large
decrease on the correlation function. So, this correlation-based receiver requires ex-
tremely accurate timing synchronization. This synchronization issue may largely in-
crease the receiver complexity for communication applications. However, this prob-
lem can be easily solved when this kind of receiver is employed for radar and sensing
applications, because the transmitter and the receiver in such applications are always
co-located and well synchronized with a common reference.

4.1.2 Energy Detection

As can be seen in Fig. 4.2, an energy detection receiver consists of a receiving antenna,
a UWB LNA, a UWB squaring circuit and an integrator. This receiver detects the
energy of the received UWB impulses rather than the actual waveforms, reducing the
circuit complexity. Compared to the correlation receiver, it eliminates the need for
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()2 ∫ dt

Antenna

LNA Squaring Integrator Processing

μP

Fig. 4.2: Block diagram of a non-coherent energy detection receiver.

precise synchronization which further makes the receiver architecture simpler and
leads to lower power consumption. These properties make this receiver extremely
suitable for OOK communication and localizations based on a TDoA approach [63–
65]. On the downside, the energy detection receiver is not rejecting noise and in-band
interferences.

As a conclusion, to assemble the frontend circuits for these two kinds of receivers,
the following key components have to be developed:

• a fully differential low noise amplifier,

• a four-quadrant true multiplier,

• a template impulse generator,

• a squaring circuit,

• and a low-pass filter performing integration.

These components will be discussed in detail in the following sections.

4.2 Fully Differential Low Noise Amplifier

This section discusses the design of a fully differential LNA, which is used in both
the correlation and the energy detection receivers. First, the circuit topology and
approach to realize a low noise figure are presented. Then, the fabricated IC is char-
acterized on wafer. Both small-signal and large-signal performance of the UWB LNA
is measured.

4.2.1 Circuit Design

The UWB LNA should offer low noise figure as well as high and flat gain over the
complete UWB frequency band, since it is the first stage of a receiver frontend. An-
other important consideration is that the group delay variation, which determines the
impulse shape distortion in the time-domain, should be small. Moreover, a sufficient
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linearity and low power consumption have to be targeted. So far, many techniques
have been reported to realize the aforementioned goals. [66–68] employ distributed
amplifiers to cover the full FCC allocated band. The distributed amplifier is a well-
known wideband topology operating from DC to extremely high frequencies with
a constant group delay. However, these circuits suffer from high power consump-
tion, inferior noise behaviour and a large chip size. Another example shown in [69]
uses broadband reactive matching to achieve wideband amplification. The proposed
circuit shows a high gain and a low power consumption within the ECC allocated
frequency range. However, the input matching network introduces significant losses
and a large group delay variation. Furthermore, the on-chip inductors occupy a large
area. Another widely used technique is the negative feedback amplifier [70–72]. The
single-ended UWB LNA in [70] shows a constant group velocity, extremely broad-
band gain and matching and a low noise figure with a highly compact chip size,
although the negative feedback does introduce additional noise and negatively in-
fluences the power gain.

The differential LNA designed in this thesis follows the method in [70]. It is based
on resistive feedback and avoids any spiral inductors. Fig. 4.3 shows the complete
schematic of the differential UWB LNA. The LNA consists of an emitter-coupled pair
with cascoded devices, followed by two symmetric emitter follower buffers. The

Fig. 4.3: Schematic of the proposed fully differential LNA, it is based on a cascoded
emitter-coupled pair with shunt-shunt feedback. The buffer stage is employed for
inter-stage matching.

cascode stages are DC biased through a current mirror. It is designed to be fully
differential as the LNA will be directly connected to a symmetrical antenna, and shall
feed a Gilbert cell type multiplier, eliminating an unbal circuit. By placing identical
transistors and passive components in the two branches, the emitter-coupled pair
is fully symmetric. The resistor REE is used as the tail current source and provides
common-mode rejection.

The differential LNA has a similar circuit topology as the UWB PA shown in Fig.
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3.35. The cascode configuration is employed to reduce the Miller effect at the input
transistors, thus increasing the bandwidth. The shunt-shunt feedback components
(R1, C1 and R2, C2) further broaden the operating bandwidth and improve the input
matching simultaneously. The two emitter follower stages are placed as impedance
converters, which offer high input impedance for the cascode stage and low output
impedance for the following stages. The functionality of the emitter degeneration
capacitors in the buffer stage is to increase the operating bandwidth. The linearity
of this LNA strongly depends on the current of the buffer stages. As a compromise
between total power consumption and the linearity, each emitter-follower draws a
DC current of 5.8 mA.

An important parameter which needs to be further considered is the noise figure. As
discussed in Sec. 3.6.3, the wide bandwidth operation is achieved through resistive
feedback. However, one drawback of the resistive feedback is the increase of noise
figure. According to [73], the noise figure F of an arbitrary two-port can be expressed
as

F = Fmin +
4rn|ΓS − ΓS,opt|2

(1− |ΓS|2)|1 + ΓS,opt|2
(4.2)

where Fmin is the minimum achievable noise figure, ΓS means the source reflection
coefficient, ΓS,opt corresponds to the noise-optimum source reflection coefficient and
rn is the normalized value of the equivalent noise resistance Rn with

rn =
Rn

Z0
(4.3)

where Z0 is the reference impedance and equals to 100 Ω here because of the dif-
ferential design. Here the source impedance is 100 Ω in differential circuit when
considering noise figures, so |ΓS|=0. Eq. 4.2 can be modified as

F = Fmin +
4rn|ΓS,opt|2

|1 + ΓS,opt|2
(4.4)

Eq. 4.4 clearly shows that the noise figure strongly depends on Fmin, ΓS,opt and rn.
According to [74], small values of |ΓS,opt| and rn can be achieved by a large transistor
size. In this design, the transistors T1, T2, T3 and T4 have the same emitter dimension
of 0.5µm x 25µm and the same collector current of 5 mA.

The resistive feedback network increases Fmin and rn because of the resistance ther-
mal noise. Here several simulations were performed to investigate this influence.
First, the simulated results of Fmin are plotted in Fig. 4.4 (a). As can be seen, the feed-
back network introduces an increment of 0.6 dB to Fmin. However, the main noise
contributor to the overall circuit comes from the input transistors. Then, the influ-
ence of rn was simulated. The results are illustrated in Fig.4.4 (b). As can be seen,
rn does increase with applying the feedback network. However, it still has a small
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Fig. 4.4: Simulated results of (a) Fmin and (b) rn, without and with feedback.

value, this is mainly due to the careful selection of input transistor size and adjust-
ment of bias points. Furthermore, Fig. 4.5 (a) depicts the influence of the resistive
feedback on ΓS,opt. It shows that the track of ΓS,opt moves towards the centre of the
Smith chart, which is beneficial to offset the increase in Fmin and rn. At last, the influ-
ence of the feedback network on the differential noise figure of the LNA is shown in
Fig. 4.5 (b). Although the feedback does contribute noise, the noise figure still has a
small value around 3 dB even at 11 GHz, showing an outstanding noise performance
while achieving wide bandwidth.
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Fig. 4.5: Comparison of (a) ΓS,opt and (b) differential noise figures of the LNA without
and with feedback.

Fig. 4.6 shows the microphotograph of the fabricated LNA. Through a suitable ar-
rangement of all the components and increasing the length of the DC feed lines to
obtain the same number of crossings between each signal path and DC path, this
layout shows a high symmetry, which is extremely helpful to maintain the balancing
advantages of the fully differential configuration. Avoiding large on-chip inductors,
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this chip has an extremely small area of 0.37 x 0.38 mm2. It should be also noticed
that the lowest available metal layer was placed below the large-sized bonding pads
to provide a ground shield and avoid substrate noise pick-up.

Fig. 4.6: Microphotograph of the differential UWB LNA. It has an extremely small
area of 0.14 mm2.

4.2.2 Measured Results

The on-wafer measurements were done using two RF GSSG probes with a 100 µm
pitch. Two identical passive microstrip line UWB baluns were used for differential
S-parameter measurements. The influence of the two passive baluns was removed
through the calibration process. The S-parameter measurement was performed from
3 to 11 GHz because the UWB baluns operate in this frequency range. The differential
LNA shows a maximum gain of 19.9 dB with a 1.8 dB variation in the complete UWB
rang from 3.1 to 10.6 GHz, as shown in Fig. 4.7 (a). The non-ideal performance of
the UWB balun generates some ripples on the measured curves. The measured input
return loss has a value better than 7 dB, and the output return loss is better than 6 dB
in the complete FCC allocated range, as depicted in Fig. 4.7 (b). As can be seen, all
the measured S-parameter magnitudes are quite close to the simulated ones.

Another important parameter for IR-UWB LNAs is the group delay variation. Be-
cause the proposed LNA relies on negative feedback for matching, a small group
delay variation within the entire band has been achieved. As plotted in Fig. 4.8 (a),
the measured group delay variation is smaller than 15 ps over the 3.1-10.6 GHz range.
To figure out the 3-dB bandwidth of this differential LNA, a single-ended measure-
ment from port in+ to out- was performed with the other two ports terminated by
50 Ω RF terminations. For comparison, the differential circuit was then re-simulated
for this particular single-ended configuration. The comparison of the simulated and
measured single-ended gain is shown in Fig. 4.8 (b). It is clear that both the mea-
sured single-ended and differential gains are extremely close to the simulated ones,
as illustrated in Fig. 4.7 (a) and Fig. 4.8 (b). So, the 3-dB bandwidth of this circuit can
be concluded to be from 0.6 to 12.6 GHz.
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Fig. 4.7: Comparison of the measured and simulated S-parameter magnitudes of the
differential LNA.

 10

 20

 30

 40

 50

 3  4  5  6  7  8  9  10  11

G
ro

u
p
 d

e
la

y
 /
p
s

Frequency  /GHz

Simulated
Measured

(a) Group delay

−8

−4

 0

 4

 8

 12

 16

 0  2  4  6  8  10  12  14

S
in

g
le

−
e
n
d
e
d
 g

a
in

 /
d
B

Frequency /GHz

without feedback

with feedback

(b) Single-ended gain

Fig. 4.8: Measured and simulated results of (a) the group delay and (b) the single-
ended gain of the fabricated UWB LNA.

In terms of the noise figure measurement, the method proposed in [75] is employed
to extract the differential noise figure from single-ended measurements. First, the
single-ended noise figure (F31) ( port in- and port out+ are terminated by 50 Ω) was
performed. Then, the transducer gains from port out- to in+ (G31) and from port
out+ to in+ (G32) were measured. Due to the perfect symmetry of this circuit, the
differential noise figure can be expressed as

Fdi f f = 1 +
1

G31 + G32
(F31G31 − G31 − G32). (4.5)

The information of all the noise figures can be seen in Fig. 4.9 (a). The measured
single-ended and extracted differential noise figures show excellent agreement with
the simulated ones. The differential LNA has a differential noise figure varying from
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Fig. 4.9: (a) The measured single-ended and extracted differential noise figures in
comparison with the simulated ones and (b) the measured LNA gain depending on
input power at 7 GHz.

eter is the 1-dB compression point, which indicates the linearity performance of this
amplifier. As shown in Fig. 4.9 (b), the measured input 1-dB compression point at 7
GHz is -17.5 dBm and the output 1-dB compression point is 1.5 dBm at this frequency.
The LNA draws a DC current of 22 mA from a 3.5 V supply. As a conclusion, this
LNA shows a great overall performance while occupying an extremely small area.
Detailed circuit parameters of the LNA are given in Appendix A.5.

4.3 Correlation Detection Receiver

As discussed in Sec. 4.1.1, the multiplier-based correlation detection compares the
received UWB impulse with a delayed replica and indicates the similarity between
the two waveforms. In this work, the correlation is performed in the analog do-
main which leads to an energy efficient solution by omitting the power-hungry wide-
bandwidth analog-to-digital converters (ADCs) and allows to handle very high-speed
signals. In terms of hardware implementation, a four quadrant analog multiplier
based on a Gilbert cell is used to perform the wideband multiplication.

4.3.1 Correlator based on analog correlation

The complete schematic of the wideband analog correlator can be seen in Fig. 4.10.
The core of the correlator is a Gilbert cell multiplier, which comprises two differential
stages in parallel with cross-coupled outputs. The multiplier is complemented with
two low-pass filters and a differential output buffer.
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Fig. 4.10: Complete schematic of the UWB correlator with a real-time multiplier, low-
pass filters and a differential buffer. Detailed circuit parameters are presented in
Appendix A.6.

The Gilbert cell performs as a wideband, four-quadrant true multiplication with
proper template impulse amplitude applied to the quad. A stacked current mirror
is employed for biasing the Gilbert cell. A capacitively shunted resistive emitter de-
generation, formed by CE with RE, compensates the gain roll-off at high frequencies
and in turn results in a necessary gain flatness over the whole FCC allocated UWB
frequency band. The load resistors (R1, R2) of the Gilbert cell and the shunt capacitors
(C1, C2) of the buffers form two low-pass filters with 800 MHz 3-dB bandwidth. The
functionality of the filters is to detect the envelope of the multiplied signals.

Operation with sinusoidal inputs

In order to evaluate the conversion gain and the linearity of the UWB correlator, two
sinusoidal sources were employed at the template and the RF input ports. The simu-
lation configuration can be seen in Fig. 4.11 (a). The correlator circuit was simulated
for down-conversion to a fixed output intermediate frequency (IF) of 100 MHz while
sweeping RF frequencies from 3-11 GHz.

Fig. 4.12 (a) shows the simulated differential conversion gain (Pout-PRF) versus input
RF frequencies. The RF power has a fixed value of -10 dBm, while the sinusoidal
power applied to the template input varies from -30 dBm to -10 dBm. The simula-
tion result indicates that 3-dB cut-off frequencies well exceed the FCC allocated UWB
range. As a conclusion, the correlator circuit is suitable for UWB applications. Lin-
earity of the RF port was simulated by the input 1-dB compression point (IP1dB) at
a fixed IF of 100 MHz with the template port having a fixed power of -10 dBm. The
simulated IP1dB versus input RF frequencies can be seen in Fig. 4.12 (b). The cir-
cuit shows a good linearity with IP1dB larger than 0 dBm within the complete FCC
allocated frequency range.
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(a) (b)

Fig. 4.11: Simulation configurations for characterizing the correlation circuit with (a)
sinusoidal signals as inputs and (b) UWB impulses as inputs.
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Fig. 4.12: Simulation results of (a) the conversion gain when down-conversion to a
fixed IF of 100 MHz with different input power levels at template port and (b) IP1dB
versus frequencies.

Operation with UWB impulses

The multiplication performance in the time domain was evaluated by connecting
two UWB impulse generators shown in Fig. 3.6 to the input ports of this correlator.
The simulation set-up is illustrated in Fig. 4.11 (b). The clocks of the two impulse
generators (fRF, fTem) were well synchronized and set to a common frequency of 200
MHz. This strategy makes sure that the two branches of the generated impulses reach
the correlator at the same time. The simulated result at the output of the Gilbert cell
can be seen in Fig. 4.13 (a). It shows a perfect real-time multiplication. Fig. 4.13 (b)
depicts the simulated output transients from the correlator circuit. As can be seen,
the envelope of the multiplied signal shown in Fig. 4.13 (a) is clearly detected by the
low-pass filter.

Another simulation was done to demonstrate the correlation performance of the pro-
posed system. To get different time shifts τ between the two impulses, the RF clock
was swept in discrete phase steps. The correlation function versus τ can be calcu-
lated by mathematically integrating over the correlator output signal for every phase
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Fig. 4.13: Simulated output transients of (a) the Gilbert cell and (b) the correlator, at
feeding two time-aligned impulse sequences with a repetition rate of 200 MHz to the
input ports of the correlator.

step. The simulated result of the normalized correlation function is illustrated in Fig.
4.14 (a). A good symmetry has been maintained. Fig. 4.14 (b) focuses on the vicinity
of the correlation maximum. As can be seen, the correlator output significantly de-
pends on the time alignment. A slight misalignment of 20 ps results in a decrease of
30% from the correlation maximum.
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Fig. 4.14: (a) Simulated normalized correlation of two UWB impulses generated by
the impulse generation circuit shown in Fig. 3.6 and (b) details in the vicinity of the
correlation maximum.

4.3.2 Fully Monolithic Correlation Receiver

Fig. 4.15 shows the block diagram of the fully monolithic correlation receiver. It
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Fig. 4.15: Complete block digram of the monolithic correlation receiver frontend.

consists of a fully differential wideband LNA, a template impulse generator and a
multiplier-based correlator. The received waveforms from the antenna are first am-
plified by the LNA which is presented in Sec. 4.2. The correlation reception is real-
ized by feeding the amplified waveforms and the impulses generated on chip by the
template impulse generator into the correlator circuit explained in Sec. 4.3.1, which
includes an analog multiplier, low-pass filters and buffers. As discussed in Sec. 4.1.1,
the template impulse generator is the same as the generator on the transmitter side,
the impulse distortions due to antenna influences and channel response are not con-
sidered in order to keep the receiver structure simple.

The microphotograph of the fabricated differential receiver IC is shown in Fig. 4.16.
It has a size of 0.57 x 0.89 mm2 and consumes a total DC power of 130 mW. The

Fig. 4.16: Chip micrograph of the differential monolithic correlation receiver fron-
tend. The fully integrated frontend circuit has a small area of 0.51 mm2.

power consumption is significantly reduced compared to the single-ended version
published earlier [29] due to the elimination of active baluns and the use of a highly
efficient impulse generator concept.

The fabricated receiver frontend IC was characterized on wafer. Fig. 4.17 shows the
experiment set-up. The UWB impulse generator depicted in Fig. 3.9 was employed
to generate transmitted impulse train. Two 20-dB attenuators were placed between
the impulse generator and the receive frontend IC. The two clock signals (CLKTX
for the impulse generator and CLKRX for the receiver) were set to a common fre-
quency of 200 MHz and well synchronized. The need for wideband true time delay
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was replaced by adjusting the phase shift between CLKTX and CLKRX. The output
transients were recorded by a real time oscilloscope.

Fig. 4.17: Measurement set-up for characterizing the fabricated correlation receiver
frontend. The UWB impulse generator shown in Fig. 3.9 was used to generate input
impulses for the receiver.

Fig. 4.18 (a) illustrates the detected differential output transients with a repetition
rate of 200 MHz in comparison with simulated ones. In this experiment, the phase
shift between CLKTX and CLKRX is manually adjusted for maximum correlation out-
put. As can be seen, it shows an excellent agreement with simulated results. The
correlation function of the receiver frontend was evaluated by sweeping the CLKRX
in discrete phase steps to generate different time shifts τ between the received and
template UWB impulses. The differential correlator output transients versus τ was
recorded by the real-time oscilloscope and then integrated over the product for every
τ. Both the measured and simulated correlation functions are shown in Fig. 4.18 (b).
As can be seen, the measurement is quite similar with the simulated result.

−0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  1  2  3  4  5  6  7  8

N
o
rm

a
liz

e
d
 a

m
p
lit

u
d
e

Time /ns

Simulated
Measured

(a)

−1.2

−0.8

−0.4

 0

 0.4

 0.8

 1.2

 1.6

−0.5  0  0.5

N
o
rm

a
liz

e
d
 a

m
p
lit

u
d
e

τ /ns

Measured
Simulated

(b)

Fig. 4.18: (a) Comparison of normalized measured and simulated receiver output
transients with time-alignment of received and template impulses and (b) on-wafer
measured correlation in comparison with a simulated one.

The minimum discernible signal (MDS) can be used for characterizing the receiver
sensitivity [55]. Here, the MDS refers to the lowest input signal level which neces-
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sary by the receiver to generate an output DC-voltage equal to the RMS noise voltage
referred to a specified IF bandwidth. In order to characterize the MDS, the receiver
frontend IC was tested with different average input power levels. The experimen-
tal set-up was similar as shown in Fig. 4.17. The only difference was that different
attenuations were placed between the impulse generator and the receiver IC to in-
troduce different average input signal levels. Here, the average input power level
was detected by the Agilent E4416A power meter. The phase shift between CLKTX
and CLKRX was adjusted for maximum correlation output voltage amplitude. Fig.
4.19 illustrates the differential correlator DC output voltages captured by a digital
voltmeter. The result is plotted in double-log scale. The RMS noise amplitude was

Fig. 4.19: Measured correlator output DC voltages versus input power levels.

evaluated by the Agilent 4395A spectrum analyser. During the measurement, the
template impulse generator is fed by a 200 MHz clock signal, while the external im-
pulse generator is switched off. The measured RMS noise voltage with a chosen IF
bandwidth of 100 KHz approximately equals to 16 ± 1.8 µV. The MDS of this re-
ceiver can be evaluated by linear regression, as shown in Fig. 4.19. As a conclusion,
the MDS of the fabricated receiver IC is approximated to -90.6 ± 0.6 dBm with a 100
kHz IF bandwidth.

For characterizing the performance of the complete receiver, the IC is glued onto the
antenna substrate, as shown in Fig. 4.20. This dipole fed circular slot antenna is

Fig. 4.20: Photograph of the receiver.
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realized on a Rogers RO4003C laminate. The receiver IC is wire-bonded to external
microstrip transmission lines.

The measurement set-up for characterizing the correlation reception of radiated im-
pulse sequence is shown in Fig. 4.21. The UWB transmitter shown in Fig. 3.15 was

Fig. 4.21: Measurement set-up for characterizing the correlation performance of the
fabricated correlation receiver. The UWB transmitter and the receiver were placed at
a distance of 20 cm.

used to generate the radiated impulse train. At the receiver side, the received im-
pulses were detected by the correlation based receiver frontend, whose output was
connected to an active low-pass filter with a 3 dB corner frequency of 25 KHz. The
active filter is based on an operational amplifier with a low-pass filter in each of the
two branches, while it also executes the differential to single-end conversion. This ac-
tive low-pass filter is presented in detail in [27], it is briefly discussed here for clarity.
Fig. 4.22 depicts the simplified schematic of the active filter based on two operational
amplifiers. This active filter shows a high input impedance (R1 = 11.3 KΩ) which al-

Fig. 4.22: Schematic of the active low-pass filter based on two operational amplifiers.
In this design, R1 = 11.3 KΩ, R2 = 113 KΩ and C = 56 pF.

lows the filter to be directly connected with the correlation IC. The corner frequency
(fc) of the active filter can be calculated as

fc =
1

2πR2C
(4.6)
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where R2 = 113 KΩ and C = 56 pF in this design. So, fc = 25 KHz. Each stage has the
same voltage gain, which can be calculated by

GV = −R2

R1
= −10 (4.7)

As a conclusion, this active low-pass filter provides a low-pass property for further
integration and a strong amplification to the output signal from the correlation re-
ceiver IC.

During the measurements, the transmitter and the receiver were placed at a distance
of 20 cm. The method for correlation detection is based on sweeping impulse corre-
lation [27, 76]. A small offset frequency of 100 Hz between the clock frequencies (fRX
and fTX) was set to generate a periodically varying time delay between the transmit-
ter and the receiver, which makes the template impulses continuously sweep through
the received signals. While the impulses are sweeping, the cross-correlation function
is computed by the receiver. Periodic cross-correlation peaks are generated when
the received impulse is exactly aligned with the template impulse in time domain.
The measured cross-correlation of the received impulses with the template impulses
can be seen in Fig. 4.23. The correlation function contains the antenna influences

Fig. 4.23: Measured normalized cross-correlation of received impulses with template
impulses.

and the channel impulse response. As expected, there is a slight deviation from the
correlation function shown in Fig. 4.18 (b).

For demonstrating the suitability of the realized sub-optimal correlation receiver for
precise positioning, the transmitter and the receiver were fed by two synchronized
200 MHz sinusoidal signals and co-located while facing to a moving object which
was a metal plate with an area of 120 x 150 mm2 placed at a distance of 20 cm away.
The phase shift between the two clock signals was manually adjusted for maximum
observable movement amplitude when the target was stationary. This metal plate
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was mounted on a linear sled which was moved by an eccentric disc, resulting in
a sinusoidal movement. When the plate was moving forward and backward with
a movement amplitude of 1 mm, the time-varying output voltage swing from the
active low-pass filter is found in Fig. 4.24. As can be seen, the recorded output signal

Fig. 4.24: Measurement result obtained on a moving metal target with a movement
amplitude of 1 mm at a distance of 20 cm from the realized UWB system.

has a good signal-to-noise ratio, indicating that the true motion tracking capability
of the designed system is significantly smaller than 1 mm under these simple lab
conditions.

4.3.3 Correlation Reception of Impulse Sequence with BPM

The correlation receiver is tested in connection with the packaged transmitter mod-
ule shown in Fig. 3.32 (c) to validate the wireless transmission of biphase modulated
impulses. It is necessary to notice that the shape of the received UWB impulses will
slightly deviate from that of the template impulses. This will correspondingly cause
a slight degradation of the amplitude at the receiver output. However, the difference
is not taken into account for simplicity. In the experiment, the clock port of the trans-
mitter was fed with a 200 MHz sinusoidal signal, while a signal with a rate of 200
Mbit/s was applied to the data port of the transmitter, as plotted in Fig. 4.25 (a). The
impulses sequence directly generated by the impulse generator can be seen in Fig.
3.31 (b).

The fully integrated receiver frontend depicted in Fig. 4.20 was placed at a distance
of 20 cm from the transmitter. The clocks of the receiver and the transmitter were
manually synchronized. The phase difference between the two clock signals were
adjusted for maximum signal amplitude at the correlator output. The measured cor-
relator output transients can be seen in Fig. 4.25(b). Given that the demodulated
signal is clearly resolved, this experiment is indicative of a communication speed of
200 Mbit/s, using biphase modulation.
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(a) (b)

Fig. 4.25: Measured results of (a) the data signal and (b) the demodulated signal from
the receiver with the transmitter and the receiver being placed with a distance of 20
cm.

4.4 Energy Detection Receiver

As discussed in Sec. 4.1.2, the key element for an energy detection receiver is a squar-
ing circuit. The proposed energy detection receiver in this work consists of a differ-
ential LNA and a differential energy detection circuit which combines a differential
squaring circuit, two low-pass filters and a differential buffer, as shown in Fig. 4.26.
The detailed design of the energy detection circuit will be discussed in the following.

Fig. 4.26: Block diagram of the proposed energy detection receiver.

4.4.1 Energy Detection Circuit

Fig. 4.27 exhibits the schematic of the wideband energy detection circuit, it comprises
a squaring circuit, a pair of low-pass filters and a differential output buffer. Similar
to the real-time multiplier discussed in Sec. 4.3.1, the core of the squaring circuit is
an analog Gilbert cell four quadrant multiplier. The squaring operation is realized
by connecting the same signal to both inputs of the Gilbert cell. As can be seen from
Fig. 4.27, the differential buffer of the LNA stage is reused here to split the signal
path, this in turn saves power consumption. The unbuffered input signal is fed to
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Fig. 4.27: Complete circuit schematic of the energy detection receiver. Detailed circuit
parameters are given in Appendix A.7.

the lower pair, while the buffered input signal feeds the top quad. The capacitively
shunted resistive emitter degeneration (RE and CE) is employed to compensate the
gain roll-off at high frequencies, this is critical for achieving a flat gain over the whole
UWB frequency band.

The input buffer shared with the differential LNA and the lower pair of the Gilbert
cell introduce the same group delay. As a result, the two branches of the input UWB
impulses arrive simultaneously at the multiplier. Fig. 4.28 (a) shows a comparison
between the output signal waveform of the squaring circuit and the input UWB im-
pulse. The basic squaring operation is clearly visible from the output signal.

(a) (b)

Fig. 4.28: Simulated results of (a) the normalized time-domain output of the squaring
circuit and the input UWB impulse and (b) the output power of the energy detection
circuit at DC versus input power at 7 GHz.
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The output signal of the squaring circuit passes a differential emitter-coupled buffer.
The load resistors (R1,R2) of the Gilbert cell, together with shunt capacitors (C1,C2)
of the output buffer form low-pass filters with 1 GHz 3-dB bandwidth. They are re-
quired for the detection of the envelope of the squared signal. The simulation result
in Fig. 4.28 (b) indicates the linearity of the energy detection circuit. In this simu-
lation, the differential DC output power is recorded versus the input power of a 7
GHz sinusoidal signal. The simulated input 1 dB compression point is -4 dBm. The
energy detection circuit has a total DC power consumption of 73 mW, where 42 mW
is shared with the LNA.

4.4.2 Fully Monolithic Energy Detection Receiver

The microphotograph of the fabricated energy detection receiver IC is depicted in
Fig. 4.29. The compact design has a total chip area of 0.61 x 0.43 mm2 including all

Fig. 4.29: Chip micrograph of the differential energy detection receiver IC. This de-
sign has an overall area of 0.26 mm2.

bond pads. As can be seen from the figure, the receiver layout has a highly sym-
metric structure, which ensures that the energy detection receiver has the balancing
advantages of the differential configuration.

The time domain performance of the receiver IC was characterized on wafer. The
experiment set-up can be seen in Fig. 4.30. The impulse generator depicted in Fig.

Fig. 4.30: Experiment set-up for characterizing the energy detection receiver IC in
time domain.

3.9 was used to generated input UWB waveforms for the energy detection receiver.
Here, the impulse generator circuit was operated at an output impulse repetition
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rate of 200 MHz. The generated impulses directly from the impulse generator can
be seen in Fig. 4.31 (a). Two 20-dB attenuators were inserted between the impulse
generator and the receiver IC. A real time oscilloscope recorded the output transient
signal from the receiver. The measured receiver output signal is illustrated in Fig.
4.31 (b). It shows that the input UWB impulses are clearly detected by the energy
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Fig. 4.31: Measured time-domain (a) input UWB impulse sequence and (b) output
from the energy detection receiver IC.

detection receiver. The sensitivity of the receiver IC is characterized by measuring the
MDS, as discussed in Sec. 4.3.2. Here, the measured differential output DC voltages
versus different input power levels can be seen in Fig. 4.32. The measured RMS
noise voltage amplitude with an IF bandwidth of 100 kHz approximately equals to
12.5 ± 1.8 µV. As can be seen, the MDS of the energy detection based receiver IC is
approximated to -71 ± 1 dBm with a 100 kHz IF bandwidth.

Fig. 4.32: The measured differential output DC voltages versus applied input power.
The MDS of the energy detection receiver is worse than that of the correlation re-
ceiver.
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4.4.3 System Validation: Communications

Similar to the packaging approach for the correlation detection receiver, the energy
detection receiver IC is mounted on a 0.81 mm thick Rogers RO4003C substrate,
which also carries the dipole feed antenna structures, and is wire-bonded to mi-
crostrip transmission lines feeding the antenna, as shown in Fig. 4.33.

Fig. 4.33: Photo of the packaged energy detection based receiver.

OOK communication

To test the energy detection receiver, a 50 Mbit/s return-to-zero on-off-keying (RZ-
OOK) modulated impulse train was generated with the UWB transmitter depicted
in Fig. 3.15. The transmitter and receiver were placed at a distance of 20 cm. Fig.
4.34(a) illustrates the input RZ data pattern to the transmitter, and the detected output
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Fig. 4.34: OOK transmission experiment at 50 Mbit/s over a distance of 20 cm. (a)
shows the signal at the input to the transmitter and (b) shows the detected signal at
the output of the receiver.
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waveform from the receiver is plotted in Fig. 4.34(b). As can be seen, the output
waveform shows a peak amplitude of 50 mV.

To demonstrate that the realized system is suitable for high-speed communications,
the system was tested with a 700 Mbit/s RZ-OOK data pattern applied to the UWB
transmitter. The input data pattern is shown in Fig. 4.35(a). The corresponding
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Fig. 4.35: The measured results of (a) the input data sequence to the transmitter and
(b) the output signal of the receiver.

detected impulse envelope at the output of the receiver is presented in Fig. 4.35(b),
with a peak amplitude of 50 mV. These two experiments clearly verify that this simple
transmitter/receiver combination can be used for OOK high speed communication
over a short distance.

FM communication

System implementations dedicated for FM application over IR-UWB have been re-
ported. E.g., [77] presents a frequency modulated sinusoidal signal to trigger an
impulse generator, which correspondingly generates a position-varying impulse se-
quence. On the receiving side, a diode-based rectifier converts the UWB impulses
to low frequency signals, then a low-pass filter is used to filter out the FM infor-
mation. [27] proposes an FM IR-UWB demonstrator based on the frontend circuits
described in [77] to perform wireless transmission. The demonstrator uses a commer-
cially available FM test transmitter [78] to generate the clock signal for the impulse
generator and a commercial FM radio [79] to recover the final information. The FM
centre frequency fc = 100 MHz, and the FM derivation δfc = 60 kHz.

The realized energy detection receiver in this work can be well embedded into the
demonstrator discussed in [27]. Fig. 4.36 illustrates the differential demonstrator
system. As can be seen, the audio signal from the music player is fed into the FM
test transmitter (FM modulator), whose output is connected to the input clock port
of the UWB transmitter. The FM modulated UWB impulse sequence is detected by
the differential energy detection receiver. One output port of the receiver frontend is
terminated with a 50 Ω resistor and the other output port is fed into a passive low-
pass filter with a cut-off frequency of 150 MHz, which is followed by the commercial
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Fig. 4.36: Photograph of the IR-UWB system demonstrator for FM communication.

FM radio performing demodulation of the recovered FM signal. The recovered audio
signal is then fed into a loudspeaker. Experimental results show that the maximum
communication distance is around 5 m.



Chapter 5

IR-UWB Radar system with a
Differential Frontend

This chapter presents a compact IR-UWB radar sensor based on the previously de-
scribed differential ICs. The proposed radar system utilizes the correlation detection
approach. The applications of the sensor system mainly focus on target movement
detection, accurate surface estimation and precise localizations.

5.1 System Concept

As shown in Sec. 4.3.2, the designed correlation detection receiver is demonstrated
to have the ability of precisely tracking a periodic movement of a metal plate. In
this chapter, a differential radar system using the previously described ICs is built to
detect the absolute distance from a measuring target, as illustrated in Fig. 5.1. When
the target is moving, the radar system can also track this movement.

Different from the system described in Sec. 4.3.2, a direct-digital-synthesizer (DDS)
clock generator is employed here to generate two synchronized clocks with a fre-
quency difference of ∆f (100 Hz) and ∆f itself. The commercial DDS clock generator
AD9959 is in the form of an evaluation-board [80]. There are four output channels
sharing a common synchronization reference, while the frequency and phase of each
channel can be adjusted separately. The minimum adjustable frequency step size is
about 0.116 Hz and the minimum phase step size is approximately 0.019 degree. The
DDS board frequencies and phases are set by a custom computer program based on
LabWindows. To obtain a pure sinusoidal signal by highly suppressing harmonic
spurs, a Helix bandpass filter is employed in this system. This filter has an insertion
loss of 0.9 dB at centre frequency of 200 MHz, and the 3-dB bandwidth is 6 MHz.
Combined with the bandpass filter, the DDS board output signal shows a spurious-
free dynamic range (SFDR) of 70 dBc. A detailed description of the filter can be seen
in [27].

71
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Fig. 5.1: Block diagram of the differential UWB radar system, the measuring target is
placed in front of the radar.

The generated two clock signals are used for the UWB transmitter and the template
impulse generator on the correlation receiver, respectively. The frequency offset ∆f
is set to generate a periodically varying time delay between the transmitter and re-
ceiver, as mentioned in Sec. 4.3.2. Correspondingly, the cross-correlation function
is computed by the correlation receiver. The baseband circuit is realized by an ac-
tive low-pass filter (fc = 25 KHz), which performs further filtering and differential to
single-ended conversion. The output of the low-pass filter is fed to a dual-channel
USB oscilloscope in data logger mode [81], executing the data acquisition and analog
to digital conversion, while the frequency offset ∆f directly from the DDS board is
brought to the other channel. The USB oscilloscope samples data with a 30 µs sam-
pling time and transfers the data to a computer. A C-based programming software is
employed to execute the post-processing of the measurement data [27].

The applied transmitter clock signal has a frequency ( fTX) of 200 MHz, and ∆f equals
100 Hz. So, the repetition rate of the transmitted UWB impulses is equivalent to 200
MHz. Under this configuration, the maximum observation frequency fmax can be
calculated as

fmax =
∆ f
2

= 50 Hz (5.1)

As can be seen from Eq. 5.1, fmax has a value of 50 Hz, which is far sufficient for
breath rate detection. Another important parameter, the minimal motion-tracking
resolution dmin can be written as

dmin =
c0Ts∆ f
2 fTX

(5.2)

where Ts is the sampling time determined by the data logger oscilloscope. With Ts
= 30 µs, dmin has a value of 0.56 mm under the described settings. It is worth to
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mention that the dmin is derived only from sampling considerations and does not
take the impulse width into account.

Fig. 5.2 illustrates the measured correlation sweeps and the ∆f signal, when the mea-
suring target is stationary. As can be seen, the periodic cross-correlation sweeps have
a repetition rate of ∆f. A peak-tracking method is employed to estimate the target

1/Δf

object

Δf signal

Correlation

T
peak

T
peak

Fig. 5.2: The relationship between the cross-correlation function and the ∆f signal.

position. This measurement principle is discussed at great length in [27]. Through
detecting of the maximum peak point of the correlation signal, the time instance TPeak
corresponding to the target position can be obtained, as shown in Fig. 5.2. Then the
distance between the radar sensor and the metal plate can be calculated as

dtarget =
c0

2 fTX
· TPeak · ∆ f (5.3)

When the measuring target is moving, TPeak becomes time-dependent and corre-
sponds to the target movement. This time-varying TPeak can be simply recorded
through tracking the maximum peak point of the correlation sweep. As analysed
in Eq. 5.1, the maximum observation frequency of the movement equals 50 Hz with
the described set-up.

5.2 UWB Radar System

In this section, the implementation of the differential UWB radar sensor is presented.
The realized radar sensor is tested in several scenarios to demonstrate the abilities of
metal movement tracking, vital sign detection and 3D localization.
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5.2.1 Radar Implementation

Based on the system concept shown in Fig. 5.1, the UWB radar sensor has been im-
plemented, as illustrated in Fig. 5.3. For a compact design, the impulse generator IC
depicted in Fig. 3.9 is mounted on the transmitter antenna substrate. At the receiver
side, both the correlation detection receiver IC and the baseband active low-pass fil-
ter are placed on the receiver antenna substrate. Commercial DC voltage regulators
are employed on both PCB boards to supply all the circuits from one 9 V battery.

Fig. 5.3: The photograph of the compact differential UWB radar system. The ICs are
placed chip-on-board on the antenna substrate for a compact design.

Different from the antennas depicted in Fig. 3.15 and Fig. 4.20, dielectric rod antennas
fed by a planar structure are employed here due to their directional property. The
rod antenna is reported in [82], however, it is briefly explained here for clarity. In
principle, this antenna is the combination of the planar UWB antenna as shown in
Fig. 3.15 with a circular dielectric rod. The planar antenna is used as a feed for the
rod antenna. Meanwhile, a metal reflector is placed at a specified distance behind
the planar feed element to achieve an unidirectional radiation pattern, which makes
the antenna especially suitable for radar applications. This distance equals λ/4 at
5.35 GHz, which can result in an optimized average gain over the complete UWB
range [82]. Fig. 5.4 (a) illustrates the detailed sketch of this antenna, where the rod is
rendered transparent to indicate the planar antenna. Fig. 5.4 (b) plots the measured
radiation pattern in H-plane. As can be seen, a small beam width is achieved. The
fabricated antenna shows a measured return loss better than 10 dB from 3.5 to 11.8
GHz, which is far sufficient for UWB applications. It achieves a flat gain with a mean
value of 8.7 dBi in the complete FCC allocated frequency range. The baseband circuit
is realized by an active low-pass filter based on commercial operational amplifiers,
whose schematic has been plotted in Fig. 4.22. As mentioned before, the designed
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Fig. 5.4: (a) The sketch and (b) the measured radiation pattern of the realized UWB
antenna.

active filter provides a low-pass property for further filtering and a strong baseband
amplification.

Fig. 5.5 shows the front-view pictures of the fabricated transmitter and correlation
receiver. An extremely compact design is achieved through placing the ICs and the
active low-pass filter on the antenna boards.

(a) (b)

Fig. 5.5: Front-side view of (a) the transmitter and (b) the complete receiver with RF
frontend IC and the baseband circuitry. Both the impulse generator and the receiver
IC are mounted on the antenna substrates and wire-bonded to external micro-strip
transmission lines.



76 CHAPTER 5. IR-UWB RADAR SYSTEM WITH A DIFFERENTIAL FRONTEND

5.2.2 Tracking the Movement of a Metal Plate

In this subsection, the ability of the realized UWB radar for tracking a moving metal
plate is demonstrated. The metal plate which is mounted on a sledge driven by an
eccentric disk is placed in front of the UWB radar sensor, as illustrated in Fig. 5.6.

Fig. 5.6: Photograph of the UWB radar measurement platform for tracking the move-
ment of a metal plate.

In the first measurement, the stationary metal plate was placed at a distance of 15 cm
in front of the sensor. To verify the movement tracking ability, the metal plate was
periodically moved back and forth with an amplitude of 1.5 mm, correspondingly
generating a sinusoidal deviation. The measured time domain result is given in Fig.
5.7 (a). It shows that both the absolute distance and the movement deviation are
clearly detected. Fig. 5.7 (b) illustrates the calculated spectrum information from the
time-domain measurement result. The highest point is clearly visible and indicates
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Fig. 5.7: Measured results of a moving metal plate in front of the UWB radar with a
mean distance of 15 cm in (a) time and (b) frequency domain.
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that the periodic motion frequency of the metal plate equals 1.7 Hz.

Then the distance between the metal plate and the sensor is increased to 30 cm. Fig.
5.8 depicts the measured results in both time and frequency domains. It can be seen
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Fig. 5.8: Measured results in (a) time and (b) frequency domain. The metal plate is
placed at a mean distance of 30 cm from the UWB radar sensor with a movement
deviation of 2 mm.

that the metal plate moves with a deviation of 2 mm and a rotating speed of 1.7 Hz.
The experiments show that this compact short-range UWB radar successfully tracks
the metal plate’s movement.

5.2.3 Breath Rate Detection

The IR-UWB approach has been considered as an interesting candidate for medical
applications, such as respiratory rate monitoring [83] and biomedical imaging [84].
The low radiated power is harmless to human bodies. Furthermore, the short time-
domain impulses enable high range resolution and real time localization in dynamic
environments.

The realized differential UWB radar sensor in this thesis can be well used for breath
rate monitoring. To demonstrate this functionality, an adult male with pronounced
tachypnea stood around 18 cm from the radar sensor. The recorded time-domain
data can be found in Fig.5.9 (a). The result shows that the breathing pattern is clearly
detected and the breathing amplitude is around 5 mm. The time domain data is
Fourier transformed to frequency domain and depicted in Fig.5.9 (b). It indicates
that the respiration rate of this tested person is around 35/min.

5.2.4 3D Localization

IR-UWB technology is a great candidate for precise localization applications. Various
UWB systems for localizations have been reported, e.g., [85] proposes a UWB system
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Fig. 5.9: Measured results of vital signs of a male test person standing in front of the
UWB radar sensor in (a) time and (b) frequency domain.

for indoor localizations based on the TDoA technique. Energy detection receivers are
employed to localize the tag position in this system. Another realized application em-
ploys UWB wireless sensor networks for localizing underground mines, as discussed
in [86]. In this thesis, a precise localization approach of a transmitter placed inside
the human body is proposed. The potential application of the proposed system could
be the tracking of catheters equipped with active UWB beacon transmitters.

The UWB localization system in this work combines the differential radar sensor
with the active UWB beacon transmitter presented in Sec. 3.6, in other words, the
radar sensor is utilized to find the position of the beacon transmitter. As previously
mentioned, the UWB beacon transmitter includes a power amplifier to achieve high
output voltage swing to partly compensate the strong loss in the human tissue. The
localization approach is proposed by Michael Mirbach and discussed in detail in [87],
it is briefly repeated here for clarity.

Consider that the UWB beacon transmitter is placed into a tissue mimicking liquid,
the approach for locating the beacon transmitter can be divided into the following
three steps:

1. The beacon transmitter is switched off in this step. The UWB radar sensor is
scanned along both x and y-axes to measure the distances from known antenna
positions to the boundary surface points. Using a surface estimation algorithm
which will be discussed in Sec. 5.2.4.1, a smooth boundary surface model can
be obtained.

2. Next, the beacon transmitter inside the liquid is switched on. The radar sensor
is operating in the receiving mode by turning off its transmitter. The generated
impulses from the beacon transmitter are detected by the radar sensor which
performs as a UWB receiver. The information of time-of-arrival (ToA) is ac-
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quired. The radar sensor is scanned at different positions to record different
ToA values.

3. Based on the recorded data and a proposed localization algorithm, the trans-
mitter position is detected.

The localization algorithm deals with the estimated boundary surface model and the
measured ToA of the localization signal at every measurement point. It is worth to
mention that the wave propagation velocity in the medium is different from that in
air, because of the permittivity difference. Correspondingly, refraction similar to geo-
metrical optics happens at the boundary. In this sense, the boundary surface model is
extremely critical. The following subsection discusses a boundary surface estimation
method.

5.2.4.1 Target Boundary Estimation

UWB impulses are strongly reflected at the air-to-body interface because the relative
permittivity of the human tissue is between 30 and 50 in the FCC allocated UWB
frequency range. This property makes IR-UWB suitable for boundary surface esti-
mation.

In this subsection, the described UWB radar sensor is investigated for target surface
estimation without knowing any information about the boundary surface structure.
The estimation algorithm is based on trilateration and published in [88]. The princi-
ple is briefly repeated in this thesis for clarity. Compared with other estimation algo-
rithms, such as the Seabed algorithm [89] and the Envelope of Spheres algorithm [90],
the trilateration approach has the great advantage of simple implementation.

If a target is placed in front of the previously described UWB bistatic radar, a set of
measured data can be obtained through measuring at different antenna positions.
Trilateration method identifies the intersection of ellipsoids corresponding to the dis-
tances measured by the UWB radar, with assuming that the radar sensor looks to-
wards the same scattering centre at two neighbouring positions. Fig. 5.10 shows the
cross section of a measured ellipsoid, where the transmitter and receiver antennas
have a space of s under this bistatic configuration. Through measuring the time of
flight, the value of r1+r2 can be obtained. Correspondingly, the ellipsoid radii (a1 and
b1) in this measurement can be derived as

a1 =
r1 + r2

2
(5.4)

and

b1 =

√
a2

1 − (
s
2
)2 (5.5)

In y-direction, the radius is also equal to b1 because of the rotation-symmetric prop-
erty with respect to the x-axis. Then another measurement can be performed with



80 CHAPTER 5. IR-UWB RADAR SYSTEM WITH A DIFFERENTIAL FRONTEND

target

xy

z

s

r
1

r
2

b
1

a
1

(x,y,z)

Fig. 5.10: Cross section of one measured ellipsoid with the transmit antenna and
receive antenna placed with a distance of s.

moving the bistatic radar along x-axis with a step of dx. The corresponding ellipsoid
radii can be calculated as a2 and b2. In a third measurement, the radar is moved along
y-axis with a step of dy, and the corresponding ellipsoid radii are a3 and b3. Based on
the assumption that the antennas are looking at the same scattering centre with the
above three measurements, the following equations can be obtained

x2

a2
1
+

y2

b2
1
+

z2

b2
1
= 1 (5.6)

(x− dx)2

a2
1

+
y2

b2
1
+

z2

b2
1
= 1 (5.7)

x2

a2
1
+

(y− dy)2

b2
1

+
z2

b2
1
= 1 (5.8)

By solving these three equations, the target coordinates (x,y,z) as shown Fig. 5.10 can
be given as

x =
d2

xb2
2 + b2

1a2
2 − b2

2a2
2

2d2
xb2

2
i f a2

1b2
2 = a2

2b2
1

x =
−2db2

2a2
1 + a2

1a2
2

√
X

2(a2
2b2

1 − a2
1b2

2)
i f a2

1b2
2 6= a2

2b2
1

(5.9)

with

X =
2d2

xb4
2

a2
2
− 4(

a2
2b2

1 − a2
1b2

2

a2
1a2

2
)(b2

2 − b2
1 −

d2
xb2

2
a2

2
) (5.10)

and

y = − 1
2dy

[
b2

3 − b2
1 − d2

y + x2(
a2

3b2
1 − a2

1b2
3

a2
1a2

3
)

]
(5.11)
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and

z =

√
b2

1 − y2 −
b2

1x2

a2
1

(5.12)

These calculated coordinates refer to the radar position depicted in Fig. 5.10. Then,
the position of the next target surface point can be estimated by three further mea-
surements with changing radar positions. Finally, the target surface model can be
obtained by linearly scanning the radar along both the x- and y-axes.

For verifying the proposed algorithm, two experiments were carried out using the
realized UWB bistatic radar sensor. In the first experiment, the measurement target
is a container filled with a sugar solution whose properties are similar to those of hu-
man tissue, as depicted in Fig. 5.11 (a). The container was placed in front of the UWB
radar with a distance of 18 cm. The purpose of this measurement was to identify the

(a) (b)

Fig. 5.11: (a) Photograph of the liquid container and (b) the measured cloud of esti-
mated surface points.

planar surface structure. The measurement was performed by moving the radar up
and down in 2 cm steps along both the x- and y-axis and by rotating the container
in 5 degree steps. A cloud of estimated surface points representing the surface of
the lower part of the container are illustrated in Fig. 5.11 (b). It can be seen that the
planar surface structure of the container is successfully determined.

Another 3D surface measurement based on the trilateration algorithm was performed
by detecting the surface of a male torso, which has a more complex surface structure
compared to the liquid container. As can be seen in Fig. 5.12, a plastic dummy of a
male torso with a hight of 60 cm was selected as the measurement target. The sur-
face of the dummy was covered with highly conductive copper laque to enhance the
reflectivity. The male torso was placed in front of the radar sensor with a distance of
30 cm. The scanning of the target surface was done by shifting the bistatic radar up
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Fig. 5.12: Photograph of the measurement set-up for detecting the surface of a male
torso.

and down in 2 cm steps along both the x- and y-axis and by rotating the container in
5 degree steps.

Fig. 5.13 illustrates the measurement results, which clearly indicate the distance from
the radar sensor to the male torso and the target surface structure. These two exper-
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Fig. 5.13: (a) Front and (b) right-side view of estimated surface points using the pro-
posed trilateration-based imaging algorithm for the surface measurement of the hu-
man torso dummy.

iments successfully prove that the trilateration-based imaging algorithm works well
with the realized radar sensor hardware. Detailed discussion about the error distance
for this algorithm can be found in [88].
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5.2.4.2 3D Localization Experiment

As previously discussed, the beacon transmitter is switched on after obtaining the
surface boundary. The impulses generated by the beacon transmitter in the medium
are sent to the radar sensor in the air. However, this transmission can be treated
reversely because the wave propagation is reciprocal. Assuming that the UWB im-
pulses are originated from receiving antenna positions and sent into the medium,
the intersection of wavefronts inside of the medium corresponds to the transmitter
position. The virtual wavefront is transmitted at each receiver position with a delay
corresponding to respective measured ToA. So, the localization algorithm is required
to figure out the intersection point of the wavefronts, which makes the analysis sim-
pler. Detailed discussion on the algorithm can be found in [87].

The realized UWB radar sensor is employed to verify the aforementioned localiza-
tion algorithm. The measurement set-up is illustrated in Fig. 5.14. The UWB beacon

Fig. 5.14: Photograph of the 3D localization measurement set-up with a beacon trans-
mitter placed in a rectangular liquid container.

transmitter described in Sec. 3.6.4 is immersed in human tissue mimicking liquid
HSL 5800 which is filled in a rectangular glass container. The radar is placed in front
of the container with a distance of 22 cm. At the first step, the estimation of the con-
tainer surface is performed based on the algorithm discussed in Sec. 5.2.4.1. The
active beacon transmitter is powered off during this measurement. The radar sensor
is moved in 1 cm steps along the x- and y-axes at position of z = 0. The distances
from the radar position to the surface points can be detected. The estimated point
cloud is depicted in Fig. 5.15. As can be seen, interpolation of these points leads to an
estimated smooth container surface. It is served for estimating the refracted wave-
fronts. Then, the UWB transmitter placed in the container is switched on. The radar
sensor operates in receiving mode with its transmitter powered off. The measure-
ment is performed by scanning the radar sensor in 2 cm steps along the x- and y-axes
and recording corresponding ToAn. Fig. 5.16 (a) illustrates the output correlation sig-
nal from the radar sensor at one measurement position. As can be seen, the original
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Fig. 5.15: Estimated surface points using the trilateration-based imaging algorithm.
A smooth 2D surface shape can be interpolated.

measurement has a very low SNR mainly due to the extremely high attenuation of
the human tissue mimicking liquid HSL 5800. However, the result is sufficient to in-

By filtering

(a) (b)

Fig. 5.16: (a) Received output correlation signal from the receiver of the radar sensor
and (b) the constructed wavefronts using the information of measured ToAs and the
estimated surface model.

dicate that the impulses sent from the beacon transmitter are detected. With knowing
ToAs and the boundary surface, the refracted 3D wavefronts can be easily obtained
by superposition of spheres, as illustrated in Fig. 5.16 (b). Finally, the transmitter
postion can be estimated through using wavefront intersections. Fig. 5.17 depicts a
top view and a side view of the estimated localization results of the beacon transmit-
ter which is placed behind the container surface. The result clearly indicates that the
beacon is placed 1.7 cm away from container surface and the estimated position is (x,
y, z)=(-6 cm, -21 cm, 22 cm). The comparison of the estimated transmitter position to
the manually measured beacon coordinates is also shown in Fig. 5.17. As can be seen,
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(a) (b)

Fig. 5.17: Measured results in the (a) top and (b) side view. The comparison of the
estimated position to the manually measured coordinates shows a good agreement.

there is a good agreement between the estimated and manually measured positions.
Only a small derivation of 0.6 cm is generated in the x-direction.



Chapter 6

Monostatic Radar Frontend

The previously described UWB radar set is based on a bistatic configuration which
requires separate transmitter and receiver antennas. To reduce the overall system
complexity, the radar architecture is migrated to a novel monostatic approach, which
would significantly reduce the overall radar size due to the elimination of one UWB
antenna.

Monostatic IR-UWB radar systems have been considered for a long time [91]. How-
ever, few monolithic implementations have been reported so far. Transceiver IC im-
plementations for UWB radar application have been proposed in [92] and [93], but
separate antennas are employed. The primary challenge for the monostatic UWB ap-
proach is that the switching between transmitting and receiving paths has to be very
fast, because 1 ns switching time corresponds to a 30 cm travel distance for the UWB
impulses in air. Furthermore, the losses of the wideband switch may significantly
increase the receiver noise figure. In this thesis, a novel monostatic front approach is
proposed to avoid using high speed UWB switches. The concept is mainly based on
a merged impulse generator/LNA module with sleep modes. Controlled by proper
signal sequencing, a monostatic radar frontend can be realized.

Fig. 6.1 depicts the block diagram of the proposed UWB monostatic radar system. In
this thesis, the impulse generator/LNA module is designed, fabricated and charac-
terized. As can be seen in Fig. 6.1, the input ports of the fully differential LNA are
directly connected with the output ports of the buffer amplifier following the UWB
impulse generator. An external logic circuit generates a voltage pulse train, which
ensures that the LNA bias is disabled prior to and during the UWB impulse emis-
sion. It is worth to mention that the proposed logic circuit doubles the clock, this will
be discussed in detail in Sec. 6.1. A frequency divider with a division ratio of 2 is
used to make sure that the logic circuit output has the same frequency as the trans-
mit clock signal. The low amplitude of the UWB impulses has no risk of damage to
the disabled LNA. After the impulses have been transmitted, the LNA bias is imme-
diately recovered. So the reflected signal can be well detected. The recovering time
of the LNA directly decides the minimum operating distance of the radar, it should
be designed as small as possible. The external logic circuit impulse generator/LNA

86
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Fig. 6.1: Block diagram of the proposed monostatic UWB radar. The merged impulse
generator/LNA module is introduced to avoid the need of a complex UWB trans-
mit/receive switch.

module will be discussed in detail in the following sections.

6.1 The Logic Circuit

The external logic circuit is presented in this subsection. The circuit block diagram is
illustrated in Fig. 6.2. It consists of two inverters and one XOR gate. All these three
elements are commercially available. The clock signal is split into two branches, one
is fed to the inverters and the other one is connected to one input port of the XOR
gate. The two inverters make that V1 is delayed by Tdelay with respect to V2. The
width of the output voltage pulse from the XOR gate is determined by the value of
Tdelay.

V
ctrl

CLK
V
1

V
2

Fig. 6.2: The block diagram of the external logic circuit. The inverters and the XOR
gate are commercially available.

For further explanation, the timing diagram of this circuit is plotted in Fig. 6.3. For
simplicity, the input clock signal is in the form of a square wave with a duty cycle
of 50 percent and a period of TCLK. As can be seen, a delay with a value of Tdelay
between V1 and V2 is introduced by the two converters. This time-domain misalign-
ment correspondingly introduces a voltage pulse train at the output of the XOR gate.
The width of the voltage pulse T1 can be calculated as

T1 = Tctrl − Tdelay (6.1)
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Fig. 6.3: The timing diagram of the logic circuit.

where Tctrl is the period of the output pulse train and can be expressed as

Tctrl =
TCLK

2
(6.2)

So a voltage pulse train with a pulse width of T1 is generated by this logic circuit. The
repetition rate of this pulse train is twice the input clock frequency. As shown in Fig.
6.2, a frequency divider with a division ratio of 2 is placed in front of the logic circuit
to ensure that the Vctrl has the same frequency as the transmitter clock signal.

Fig. 6.4 shows the measured result of the output voltage waveform with feeding a
40 MHz sinusoidal signal. The voltage amplitude is around 3 V, which is required

/

/

Fig. 6.4: Measured result of the output voltage pulse from the logic circuit. It is
employed to briefly switch off the LNA
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by the bandgap reference. When controlled by this signal, the LNA bias is briefly
switched off to allow the emission of the UWB impulses, as illustrated in Fig. 6.4.

6.2 The Differential LNA with Sleep Mode

The schematic of the differential LNA core together with a bandgap reference circuit
can be seen in Fig. 6.5. The bandgap reference is implemented to provide a stable
supply voltage (Vre f ), which supplies the LNA core through current mirrors. The
control signal (Vctrl) for the bandgap reference is generated by the external logic cir-
cuit described in Sec. 6.1 and introduces the sleep mode operation to the LNA.

Fig. 6.5: Complete schematic of the UWB LNA with sleep mode. Detailed circuit
parameters can be found in Appendix A.8.

When Vctrl = 0, Vre f equals 0 and the LNA is switched off. When Vctrl = 3 V, Vre f
becomes around 1.1 V and the LNA is turned on. Fig. 6.6 (a) shows the simulated
dependence of Vre f on the control voltage Vctrl at room temperature. It can be seen
that Vre f varies only slightly when Vctrl changes from 2.5 to 5 V. This property largely
decreases the amplitude requirement of the control signal Vctrl. Furthermore, the
bandgap reference ensures that Vre f is almost independent on the ambient tempera-
ture. The simulated result of Vre f versus temperature is given in Fig. 6.6 (b). The sim-
ulated temperature is swept from -40 to 60 Celsius. This simulation considers tem-
perature dependence of the transistors and the passive components. As illustrated in
Fig. 6.6 (b), the output voltage Vre f depends weakly on temperature, it changes only
around 10 percent over the complete simulated temperature range from -40 to 60 ◦C.

As previously discussed, the LNA bias is disabled during the impulse emission. So,
the isolation of the disabled LNA is another important parameter, it should be high
enough to prevent the leakage from influencing the following correlator. Simulation
shows that the disabled LNA has an isolation larger than 40 dB in the complete UWB



90 CHAPTER 6. MONOSTATIC RADAR FRONTEND

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  1  2  3  4  5  6

V
re

f 
/V

Vctrl /V

(a)

 1

 1.05

 1.1

 1.15

 1.2

−40 −20  0  20  40  60

V
re

f 
/V

Temperature /
o
C

(b)

Fig. 6.6: Simulated results of the bandgap reference output voltage as functions of (a)
Vctrl and (b) temperature.

frequency range. Another important issue is the minimum operating distance. To
make this distance as short as possible, the LNA should quickly wake up after the
bias is recovered. In this design, the base voltage potentials of the transistors in the
cascode stages are always kept at a suitable level, this is extremely helpful for a fast
recovery. Simulated results show that the LNA returns to full gain within 1 ns. Cor-
respondingly, the minimum working distance of this proposed monostatic radar is
around 15 cm.

It is worth to mention that the buffer following the impulse generator presents an
impedance ZTX,o f f to the LNA. This added parasitic is included during the design of
the LNA. Simulations indicate that the LNA noise figure and gain are sensitive to the
ZTX,o f f . However, with suitable selection of the transistor size and bias, acceptable
performance can be achieved. Fig. 6.7 shows the photo of the fabricated impulse
generator/LNA module. It has an overall area of 0.50 mm2 including bond pads.

Fig. 6.7: Chip photo of the realized monostatic radar frontend.



6.2. THE DIFFERENTIAL LNA WITH SLEEP MODE 91

To characterize the performance of the LNA, the input port of the bandgap reference
is biased with a 3 V DC voltage supply. Two passive UWB baluns are used for the
S-parameter measurement. Fig. 6.8 shows the measured matching performance of
the realized circuit. As can be seen, the measured return loss is better than 6 dB at
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Fig. 6.8: Comparison of the measured and simulated (a) input matching and (b) out-
put matching of the differential LNA with sleep mode.

the input, and better than 5 dB at the output in the complete UWB range from 3.1
to 10.6 GHz. The LNA shows a measured maximum gain of 18 dB with a 2.2 dB
variation in the complete FCC allocated range, as shown in Fig. 6.9 (a). The extracted
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Fig. 6.9: The results of (a) gain and (b) noise figure of the differential LNA, with
applying a constant 3 V voltage supply as the input of the bandgap reference.

differential noise figure based on single-end measurements can be seen in Fig. 6.9 (b).
The extraction method has been discussed in Sec. 4.2.2. The result varies from 4.5 to
8.7 dB in the FCC allocated frequency range, it shows a worse performance compared
to the result depicted Fig. 4.9 (a). This is mainly due to the influence of the buffer
stage in the transmitting path.
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6.3 The Impulse Generator and the Buffer Stage

The complete schematic of the impulse generator together with a buffer stage is plot-
ted in Fig. 6.10. The implementation of the impulse generator circuit is similar to
the approach discussed in Sec. 3.3. 2. The two emitter follower buffers are placed

Fig. 6.10: The circuit schematic of the impulse generator and the buffer stage. The
buffer stage is inserted to reduce the influence on the differential LNA in the receiving
path.

to avoid the strong influence of the LC oscillator on the LNA. The buffers are totally
symmetrical by placing identical transistors in the two branches. Simulation shows
that the pulse generator copes well with the impedance from the disabled LNA.

Fig. 6.11 (a) shows the measured output time domain waveform with the LNA dis-
abled. In this experiment, the impulse generator circuit was fed by an 80 MHz sinu-
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Fig. 6.11: Measurement results of the generated 80 MHz UWB impulse train in (a)
time and (b) frequency domain.

soidal signal. The total power consumption at this situation is 15 mW from a 1.5 V
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supply voltage. As can be seen in Fig. 6.11 (a), the measured UWB impulses have a
peak-peak amplitude of 220 mV and a FWHM of the envelope of 0.4 ns. The spec-
trum of the measured impulse train is illustrated in Fig. 6.11 (b). It shows a 10 dB
bandwidth of 5.1 GHz from 3.3-8.4 GHz with the centre frequency located at 6 GHz.
The result indicates that the measured output spectrum complies well with the FCC
mask for indoor UWB systems.

6.4 System Measurement

The merged impulse generator/LNA IC as shown in Fig. 6.7 was characterized in
time domain. The experimental set-up can be seen in Fig. 6.12 (a). The antenna ter-

(a) (b)

Fig. 6.12: (a) Measurement set-up and (b) the recorded waveform at the output of the
LNA.

minals were connected to two short coaxial cables, and each of them fed into a 10 dB
attenuator shorted at the far end. An approximately 1 ns delay was generated by the
coaxial cables and the attenuators, this corresponds to a distance of 15 cm in air. Two
synchronized signal sources were used to supply the clock signals for the impulse
generator and the external logic circuit. The phase difference was manually adjusted
to ensure that the LNA bias is disabled during the impulse generation. A real time
oscilloscope with a 13 GHz bandwidth recorded the measured time-domain wave-
forms at the output of the LNA. Fig. 6.12 (b) depicts the recorded signal waveform.
The received impulse echo can be clearly detected. Due to a high isolation of the dis-
abled LNA, the crosstalk from the transmitted impulse is barely visible and will not
influence the further processing. The significant common-mode transients due to the
bias switching are completely invisible because of the completely balanced setup. It
is worth to mention that this concept only works for differential configuration since it
suppresses the common mode transient upon bias switching. This experiment proves
that the realized frontend IC can be well used for monostatic radar applications.



Chapter 7

Conclusion

In this thesis, a differential chipset using an inexpensive Si/SiGe HBT technology
for IR-UWB applications has been realized. The key components including UWB
impulse generators, LNA, correlator and energy detection circuit were designed and
characterized. The presented IR-UWB systems can be used for precise radar and
high-speed communications.

A quenched-oscillation approach is adopted for highly stable impulse generation.
The realized impulse generator utilizes a Schmitt trigger for clock shaping, which
incorporates with a current spike circuit to shortly switch on a cross-coupled LC os-
cillator. The generated impulses with an envelope width of 0.3 ns FWHM have a
spectrum well fitting the FCC regulatory mask. The output impulse repetition rate
equals the input clock frequency and reaches the GHz range. This impulse generator
can be used for OOK and PPM schemes. Through slight modifications, the impulse
generator has been successfully extended to include tunability to different spectral
allocations in the USA, Europe and Japan as well as a BPM function.

Both a correlation type receiver and an energy detection receiver have been imple-
mented. Key component for both receiver types is a fully differential LNA. The real-
ized LNA with negative feedback shows a maximum gain of 19.9 dB with a variation
of 1.8 dB and a worst-case noise figure of 2.9 dB over the 3.1-10.6 GHz range. This
completely inductor-less design features 15 ps group delay variation across the FCC
UWB range and an extremely small chip size of 0.14 mm2.

The presented monolithic correlation receiver combines a UWB LNA, a four-quadrant
true multiplier, a template impulse generator, low pass filters and a differential buffer
on a single chip. The receiver IC occupies a small area of 0.50 mm2 and consumes
a total DC power of 130 mW with the template impulse generator operating with
200 MHz clock signal. The receiver IC shows an excellent correlation detection per-
formance and a minimum discernible signal level of -90.6 dBm with a 100 KHz IF
bandwidth.

The fully integrated energy detection IC is realized, with a DC power consumption of
108 mW and a small chip area of 0.26 mm2. A squaring circuit based on a Gilbert-cell
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is used to collect the energy of the received impulses. Based on the energy detection
receiver, short-distance data transmission with a speed of 700 Mbit/s using OOK
modulation scheme has been demonstrated.

A bistatic radar utilizing the impulse generator IC and the correlation type receiver IC
is realized. Two dielectric rod antennas fed by a planar structure are employed. Com-
pact design has been achieved through placing the ICs on the antenna substrates.
The realized radar system has been proved to have a motion tracking capability in
mm range. In terms of medial applications, measurements such as breathing pat-
tern detection, target surface estimation and sub-surface 3-D localization have been
performed.

To further reduce the size of the radar system, a monostatic radar concept is pro-
posed. A rapid turn-around impulse generator/LNA module IC has been success-
fully demonstrated. The module IC is the first reported monostatic radar frontend
circuit at the time of writing. The implementation of complete monostatic radar sys-
tem can be an interesting task for future work.

In conclusion, the realized differential IR-UWB chipset is promising for precise radar
sensing and high-speed transmissions. In the future, correlation type receivers with
self clock recovery might be developed in order to increase the transmission distance
in data communication applications.
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Appendix A

Circuit parameters

A.1 Differential Impulse Generator for the FCC Mask

Fig. A.1: Full schematic of the differential impulse generator for the FCC mask. T1,
T2,: 0.5 x 5 µm2, T3: 0.5 x 20 µm2, T4: 0.5 x 6 µm2, T5: 0.5 x 25 µm2, T6: 0.5 x 10 µm2.
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A.2 Differential Tunable Impulse Generator

Fig. A.2: Full schematic of the differential tunable impulse generator. T1, T2,: 0.5 x 5
µm2, T3: 0.5 x 20 µm2, T4: 0.5 x 5 µm2, T5: 0.5 x 10 µm2, T6: 0.5 x 30 µm2.

A.3 Differential Impulse Generator with BPM Function

Fig. A.3: Full schematic of the differential impulse generator with BPM function. T1,
T2,: 0.5 x 5 µm2, T3: 0.5 x 20 µm2, T4: 0.5 x 7 µm2, T5 - T7, T8: 0.5 x 15 µm2, T9 - T11:
0.5 x 5 µm2.
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A.4 UWB Beacon Transmitter

(a)

(b)

Fig. A.4: (a) Full schematic of the impulse generation and monoflop circuit. T1, T2,:
0.5 x 5 µm2, T3: 0.5 x 30 µm2, T4: 0.5 x 5 µm2, T5,: 0.5 x 10 µm2, T6: 0.5 x 20 µm2, T7,
T8: 0.5 x 5 µm2, T9, T10: 0.5 x 30 x 2 µm2, non-SIC and (b) the differential UWB power
amplifier. T1 - T4: 0.5 x 30 µm2, T5, T6: 0.5 x 30 µm2, T7, T8: 0.5 x 5 µm2..
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A.5 Differential LNA

Fig. A.5: Full schematic of the differential UWB LNA. T1 - T4: 0.5 x 25 µm2, T5, T6: 0.5
x 6 µm2, T7, T8: 0.5 x 5 µm2.

A.6 Multiplier-based Correlator

Fig. A.6: Full schematic of the correlator circuit. T1 - T8: 0.5 x 10 µm2, T9, T10: 0.5 x 5
µm2.
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A.7 Energy Detection Circuit

Fig. A.7: Full schematic of the energy detection circuit. T1, T2,: 0.5 x 6 µm2, T3 - T10:
0.5 x 10 µm2, T11, T12: 0.5 x 5 µm2.
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A.8 Impulse Generator/LNA Module

(a)

(b)

Fig. A.8: (a) Full schematic of the differential LNA with sleep mode. T1 - T4: 0.5 x 30
µm2, T5, T6: 0.5 x 6 µm2, T7, T13: 0.5 x 5 µm2, T14: 0.5 x 25 x 2 µm2 non-SIC, T15: 0.5
x 30 x 2 µm2 non-SIC, and (b) the impulse generator together with a buffer stage. T1,
T2,: 0.5 x 5 µm2, T3: 0.5 x 20 µm2, T4: 0.5 x 6 µm2, T5: 0.5 x 20 µm2, T6: 0.5 x 10 µm2.
T7, T8: 0.5 x 10 µm2, T9: 0.5 x 5 µm2, T10, T11: 0.5 x 15 µm2
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List of Acronyms and Symbols

Acronyms

AWGN Additive white Gaussian noise

Balun Single-ended to differential converter

BG Band group

BPM Biphase modulation

CCF Cross-correlation function

DAA Detect and avoid

DDS Direct-digital-synthesizer

ECC Electronic Communications Committee

EIRP Effective isotropic radiated power

EM Electromagnetic

FCC Federal Communications Commission

FM Frequency modulation

FOM Figure of merit

FWHM Full width at half maximum

GPS Global Positioning System

GSG Ground-signal-ground

GSM Global System for Mobile Communications

GSSG Ground-signal-signal-ground

HBT Heterojunction bipolar transistor

IF Intermediate frequency

IR Impulse-radio
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LDC Low duty cycle

LNA Low noise amplifier

MB Multi-band

MDS Minimum discernible signal

MIC Ministry of Internal Affairs and Communications

MRI Magnetic resonance imaging

OFDM Orthogonal frequency division multiplexing

OOK On-off keying

PA Power amplifier

PAM Pulse amplitude modulation

PPM Pulse position modulation

PSD Power spectral density

RFID Radio-frequency identification

RX Receiver

RZ-OOK Return-to-zero on-off-keying

SFDR Spurious-free dynamic range

TDoA Time-difference-of-arrival

TFC Time-frequency code

ToA Time-of-arrival

TX Transmitter

UWB Ultra-wideband

WPAN Wireless personal area network

WSN Wireless sensor networks
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Symbols

CBE Base-emitter capacitance

dmax Maximum sensing distance

dmin Minimal motion-tracking resolution

εr Relative permittivity

fc Corner frequency

fmax Maximum observation frequency

Fmin Minimum noise figure

Favg Average noise figure

ΓS Source reflection coefficient

ΓS,opt Noise-optimum source reflection coefficient

gm Transconductance

Gmax Maximum gain

ω Angular frequency

Pdiss Dissipated power

Pi Ray length

Q Quality factor

R f Feedback resistance

RG Source impedance

rn Normalized equivalent noise resistance

Rn Equivalent noise resistance

σ Standard deviation of a Gaussian bell shape

τ Time shift

TP Frame period

Z0 Reference impedance
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