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Abstract

The Ultra-wide-band (UWB) radio is an emerging data rate radio technology intended
for low transmission power wireless multimedia applications. The significant
advantages of this technology are the low power operation, mitigated multi-path fading
effects and unique precise position/timing location ability. In a pulse-based UWB
system, very short pulses are modulated and transmitted at a very low power level.
Hence, it is important to develop the low power UWB Transceiver. The project
presents the design and implementation of a single chip CMOS Low Power UWB

Transceiver for short range communications.

In the UWB transmitter, the most important point is to generate the short pulses in a
well-defined bandwidth. A new Gaussian pulse filter is designed to produce an
approximated Gaussian pulse train which has a reduced side-lobe frequency spectrum.
The two key points in the design of the new transmitter are the low power and the small
chip size. The first transmitter was designed for multi-band operations over the
frequency range from 3GHz to SGHz using the Pulse-Amplitude Modulation (PAM)
scheme. The design is based on a 0.18-um CMOS Baseline process. The core layout
size is less than 0.2 mm?. The simulation results show that the generated signals satisfy
the FCC spectrum mask. The average power consumption is measured 1.97mW ata 1.8
V supply voltage. After the optimization, the power consumption of the transmitter can
be reduced to as low as 1.08mW. Subsequently, the transmitter circuit has been

modified to enable two selectable modulation schemes PAM and Pulse-Position



Modulation (PPM). The average power consumption is less than 2mW for both types of
signaling at a 1.8 V supply voltage. Pulses are transmitted at a PRF (Pulse Repetition
Frequency) of 52MHz in multiple 520 MHz bandwidth channels equally spaced within

the 3-5 GHz UWB lower band.

For the receiver, the Low Noise Amplifier (LNA) has been designed for the same
frequency band from 3GHz to SGHz with a variable gain controlled by tuning the bias
voltage. After the amplification, the received signal is down converted to the baseband
by the quadrature passive mixers where the quadrature local oscillators are
implemented using the Series Quadrature VCO (S-QVCO). Simple low pass filters
(LPF) are used to filter the high frequency noise at the mixer outputs. In order to
synchronize the pulse polarities, the CMOS full wave rectifiers have been used to
detect the pulses in I and Q paths which are then combined to recover the detected

baseband pulses.

The proposed transmitter and receiver have been integrated into a new single chip
UWB transceiver. The total die size of the chip is 3.1 mm® The performance of the
transmitter is similar as above. At the gain of 39dB, the receiver consumes 17mA for
the 1.8 V supply voltage. The total power consumption of the transceiver is 30.6 mW.
The operating frequency of this transceiver is from 3GHz to SGHz over multiple 500

MHz bands.

Overall, this research work focuses on a low power UWB transceiver with small chip

area. Theoretical analysis, simulation results and measurement results are presented to

II



verify the analysis and effectiveness of the proposed design. This work has also been

published in technical journals and conferences.
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Chapter 1

Introduction

1.1 Motivation

Broadband wireless communication is increasingly important for the global network.
The benefits of wireless are widely used in mobile phones and wireless LANs today.
Manufacturers and customers are rapidly adopting personal wireless technologies for
the connectivity of their own products. To satisfy consumer expectations, wireless
technologies demand better performance with higher data rates, broader bandwidth,

lower power consumption, and lower cost than what are currently available today.

The UWB radio is a new wireless technology based on the transmission of low-
powered, coded impulses in a short-range environment. The UWB transmitter emits a
very low power signal compared to the transmission power in other technologies, and
the power consumption of the UWB receiver is also expected to be low. The attractions
of the UWB technology are that it has the high data rate and robustness to multi path
fading. It also has the position location capability as in the radar technology. The low-
power design is an important issue for the UWB technology. Although UWB, Zig Bee
and Bluetooth share characteristics of low power, short range and low cost for wireless
communication, the data transfer rate of UWB is much higher than that of Zig Bee and
Bluetooth technologies. Many applications in home and business environments will

become more effective with the UWB radio than with the existing possible using

1



“classical” radio technologies. UWB has very high data rates (up to 500 Mbit/second
currently and maybe even higher) at very low transmission power and at low cost. The
operation distance is up to around 10 meters. The further away the device is, the lower

the data rate is.

1.2 Objective

For impulse based UWB systems, the most popular modulation schemes are Pulse
Amplitude Modulation (PAM), Pulse Position Modulation (PPM) and the Bi-phase
modulation (BPSK). For the transmitter, the challenge is in designing a good low-
power pulse generator. For the receiver, the challenge is to design the ultra-wide band

Low Noise Amplifier (LNA) and the detector at low power consumption.

The objective of this thesis lies in the following aspects:

To design a low power Gaussian pulse filter for UWB pulse generation

e To develop a low power and small size transmitter

e To design a new transmitter which has the switchable modulation schemes

e To design a small size and low power receiver with the pulse detection

e To integrate the proposed transmitter and receiver to a single transceiver with low

power and small size



The targeted performance of this project is the low power consumption and the small
size. The objective of this research is to develop a CMOS low power transceiver for

UWB.

1.3 Major contributions of the thesis

The major contributions of this thesis can be summarized as follows.

Firstly, a low power transmitter for high data rate, short-range communications systems
is designed and implemented. The proposed low power Gaussian pulse filter is one of
the contributions in Chapter 3. The new architecture of the transmitter consumes low

power and occupies the small area.

Secondly, a second transmitter has been designed and implemented for the UWB
system with the switchable modulation schemes. The proposed transmitter has two
modulation schemes as pulse amplitude modulation and pulse position modulation.

These two modulations can be switchable in this new transmitter.

Thirdly, a new architecture receiver has been developed and fabricated. A new LNA
has been designed for this receiver. The rectifiers are used for the pulse detection that is
another key point in this proposed receiver. The complete receiver consumes low

power and has small chip size.

Finally, a proposed transceiver has been integrated and tested.



1.4 Organization of the thesis

This thesis is organized into six chapters. Chapter 1 provides an introduction to the
UWB wireless communication system. The motivation for the UWB transceiver is

discussed and the objective of this project is presented.

An overview of the UWB radio system is provided in the Chapter 2. The background of
the UWB technology is presented and followed by its applications and limitation.
Subsequently, the modulation schemes for the UWB systems are discussed. The UWB

transmitter and receiver architectures are described.

Chapter 3 takes a look at the analysis and design of the proposed transmitters. In this
chapter, a new pulse generator is presented together with the modulator. Two different
modulation schemes have been used in the transmitter, and two novel transmitters have

been implemented. The performances of the transmitters are silicon-verified.

In Chapter 4, the analysis and design of the receiver are discussed. A low power and
small size receiver is designed. Various building blocks of the receiver are described,
including the LNA, the passive mixer, the Series Quadrature VCO and the rectifiers.

The rectifiers are used as the pulse detector in this new UWB receiver.

Chapter 5 presents the single chip UWB transceiver. It contains the proposed
transmitter and proposed receiver discussed in Chapter 3 and 4. The whole structure of

the transceiver has been silicon-verified by the measurement results.

Finally, Chapter 6 shows the conclusion and the proposed future work.



Chapter 2

Overview of the UWB system and transceiver fundamentals

2.1 The basic principle of UWB
2.1.1 Definition of the UWB technology

Ultra wideband (UWB) radio is a fast emerging technology with unique features of
wireless systems suitable for a variety of short-range high data rate applications. A
UWB system can be broadly classified as any communication system whose
instantaneous bandwidth is many times greater than the minimum required to deliver a
particular information rate. Despite the renewed interest in the last decade, UWB
systems have a long history of use in military applications and radio. The basic
research in this field was done in 1960s by Gerald Ross [Ross63] while working for
Sperry Rand Corporation, who was granted the pioneering patent for a UWB
transceiver in 1973 [Ross73]. Hence the UWB technology has been around for about
40 years. However, the scarce bandwidth resources meant that the inefficient use of

bandwidth relegated UWB systems to experimental work for a very long time.

The Federal Communications Commission (FCC) Report and Order (R&O) [FCCO02],
issued in February 2002, allocated 7500 MHz of spectrum for unlicensed use of UWB
devices in the frequency band from 3.1 to 10.6 GHz. The Federal Communications
Commission (FCC) has defined an international UWB device by its operating

bandwidth of S00MHz or wider in the 3.1-10.6 GHz band [FCCO02]. Such a huge and
5



free spectrum is very attractive to the industry and the academic researchers. However,
one of the important conditions is that the emission power levels of the UWB signal in
this spectrum must be low enough to avoid interference with the existing
communication systems, such as the global positioning system (GPS) and wireless
LANSs (local area networks). In its first report and order on UWB, FCC has specified
the power emission levels suitable for co-existing with other communication
technologies in the UWB frequency band [FCCO02]. The spectrum mask for both indoor
and outdoor emission is shown in Fig.2.1.1, which defines the UWB Effective Isotropic
Radiated Power (EIRP) emission level limitation. The EIRP emission power level is -
41.3 dBm per MHz in the 3.1-10.6 GHz frequency band. These EIRP levels are
established by considering the power spectrum of emitting sources in each frequency
range and keeping it low enough to avoid any interference. Further experiments are
required to determine the actual interference cause by UWB signals. In 2003, the first
FCC certified commercial system was installed, and in April 2003 the first FCC-
compliant commercial UWB chipsets were announced by Time Domain Corporation

[Ander05].
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[FCCO2]

UWB communication systems have several key features which distinguish themselves
from conventional narrow band systems [Mulloy03]. Their large instantaneous
bandwidth enables fine time resolution; and short-duration pulses prevent signal fading
(fluctuations in the received signal power) in very harsh communication environments.
Their low transmission power over a very wide bandwidth allows their coexistence

with existing narrow band signals.

Traditionally, UWB system implementations are impulse based and utilize a variety of
simple modulation schemes to transfer data. Despite the FCC intervention to regulate
the frequency range and power levels of UWB signals, there are still no industry

consensuses on other aspects of these communication systems. There is a major effect



underway by the IEEE 802.15 group to standardize UWB wireless radio for indoor
multimedia applications. There are two competing standards: orthogonal frequency
division multiplexing (OFDM) where the information is conveyed by spreading data
transmission across multiple carriers; and impulse-UWB where impulse like signal in

the time domain is used.

UWB signal is defined as one whose instantaneous spectral occupancy exceeds
500MHz [FCC98], [Cramer(02]. Such systems rely on the impulse, baseband or zero
carrier technology which can directly modulated an impulse which has sharp rise and

fall times.

Recently, much research efforts have been put into CMOS implementation of low-cost
high-performance wireless communication systems. The CMOS process provides the
capability of integrating of large-scale complex digital signal processing circuitry at a
low cost compared to bipolar and SiGe integrated circuit technologies [Aiello03].
Considering the trend in radio frequency (RF) applications is toward an integrated

solution, the CMOS technology is suitable for UWB system design.

2.1.2 Single band and multi-band UWB

In traditional UWB systems, such large bandwidths were achieved by using very
narrow time-duration baseband pulses of appropriate shapes which include the family
of Gaussian shaped pulses and their derivatives [Fontana]. Instead of using the whole

available UWB spectrum (3.1GHz~10.6GHz), the spectrum is divided into multiple



bands and only certain bands are used for transmission at a time. This approach
controls the total transmission power and reduces the path loss. An impulse single band
UWB system without a carrier was proposed, and the characteristics and problems
were analysed for the existing pulses of the UWB system in [Aiello03]. The multi-band
UWB system is made more scalable and adaptive, where different data rate can be

made to vary with the number of bands used and the channel conditions.

One challenge of multi-band UWB is how to control the center frequencies and the
bandwidth of the sub bands. The method for the proposed DS-multi-band UWB
multiple access system considered a multi-path channel and a Rake receiver in
[Rahman06]. It only presents how to design different bands, but it does not show the

exactly position of the centre frequencies.

[LulS03] proposed a multi-band UWB system was proposed where the data was
encoded in different channels as shown in Fig.2.1.2. This system operates in a direct
conversion mode whereby a baseband UWB signal generated by the pulse generator is
translated to the desired frequency channel by an up-conversion mixer. The authors of
this paper focus on the multi-frequency generator and the whole system, but details on

how to control the bandwidth of each sub-band are not shown.
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Fig.2.1.3 Multi-band signals transmitted at different times [Peng03]

Multi-band UWB transmit signals are also staggered in time at different frequencies to

simplify the transceiver design. The center frequencies f, of the signals relative to the

individual bands are shown in Fig.2.1.3. The signal duration is constant (around 3~4

ns) as it depends on the bandwidth of each sub-band. Rectified cosine pulses are used

10



as the pulse shaping function for constraining the signal within the specified sub-band.

The transmitted pulse p.(f) for a multi-band system takes the following form

[Peng03]:

p.(t) =cos(2xf t)-cos(2xf.t) , 2.1

where f is the frequency of the signal. For multi-band UWB systems, a pulse

generator in generally designed first and then the resultant pulse is applied to the
desired frequency band [Lee04], [RazaviR05]. In order to overcome these problems, a
new transmitter has been designed to control the exactly position of the center

frequency and the bandwidth of each sub-band in this thesis.

2.1.3 UWB modulation schemes

The pulse shaping modulation scheme adds more flexibility for data modulation in
UWB communication systems. The modulation scheme encodes data in both the timing

and frequency spectrum of the transmitted pulse.

Information bits can be encoded in a UWB signal in variety of methods. Since the
fundamental of the UWB signal is not different from any other signal, many
modulation schemes can be applied, including pulse position modulation (PPM), binary
phase shift keying (BPSK) modulation and pulse amplitude modulation (PAM), and so

on.

11



A general UWB pulse train signal can be represented as a sum of pulses shifted in time.

The signal can be represented as
+00
s(t)= Y a,plt-1,), (2.2)
k=—0

where, s(7) is the pulse train signal, p(¢)is the basic pulse shape, ¢, and ¢ are the

amplitude and time offset, respectively, of each individual pulse. By varying the values

of 4, and ¢, the information can be encoded in many ways.

Pulse Amplitude Modulation

In pulse amplitude modulation (PAM), the amplitude of individual pulses in the pulse
train is varied from its default values in accordance with the instantaneous amplitude of
the modulating signal at sampling intervals[Chi07][Zhu09]. The width and position of
the pulses are kept constant. PAM is a form of signal modulation where the message

information is encoded in the amplitude of a series of signal pulses.

A pulse of any shape may have its amplitude modulated with 0/1 variations. A binary

PAM is shown in Fig.2.1.4, in which the size of the pulse determines a 1 or 0 value.

12



Fig.2.1.4 Pulse amplitude modulation

By increasing the occupied bandwidth of the pulse or reducing the pulse repetition
frequency (PRF), and equivalently, the overall throughput, the transmission distance
achieved by the UWB system can be increased for a fixed average transmit power
spectral density. It is important to note that this has a similar effect to increase the peak

transmit power. The receiving power P. is affected by the transmitting power P and

transmission distance. Equation (2.3) is called the Friis’s transmission equation

[Kraus99],
PGG,c’

F=—— (23)
(47 Rf)

where G, and G, are the antenna gain of the transmitting and receiving antennas. c is
the speed of light, R is the transmission distance and f is the center frequency of the
signal. If P, G and G, are fixed, the transmission distance R’ is proportional to the
transmitting power P for a fixed center frequency signal. For a fixed average transmit
power spectral density, the P will increase according to increase the pulse repetition

rate or the pulse amplitude.

13



Pulse Position Modulation

In the early days of UWB communications, PPM had been a popular choice. An
important reason that PPM is chosen for time modulated UWB systems is that it
enables the use of a homodyne correlation receiver. A homodyne correlation receiver
has some very desirable features. By using an optimal receiving matched filter
technique and a cross-correlator, the homodyne receiver can detect signals well below
the ambient noise level. Another reason for using PPM modulation is that it allows the

multi-users access scheme [He09].

For PPM, the timing of each pulse is altered according to the data value
[Zheng07][Demirkan08]. Fig.2.1.5 presents the basic concept of PPM whose
information is encoded by modifying the position of the transmitted pulse. The simplest
form of PPM is binary PPM, where a pulse in a uniformly spaced pulse train represents
a “0” and a pulse offset in time from the pulse train represents a “1”. The receiver

distinguishes data “1”” and data “0” by the leading time of the pulses.
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Fig.2.1.5 Pulse position modulation
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BPSK Modulation

BPSK modulation is also called biphase modulation [lida05] [Smaini06]. In BPSK
modulation, information is encoded with the polarity of the impulses, as shown in Fig.
2.1.6 (a). The polarity of the impulse is used to encode a 0 or 1. In BPSK modulation,
only one bit can be encoded with each pulse because there are only two polarities
available to choose from [FCCO02], [Dia05]. Fig.2.1.6 (b) shows the differential BPSK

modulation [Hafiz11].

Fig. 2.1.6 (a) BPSK modulation
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Fig. 2.1.6 (b) The differential BPSK modulation
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The choice of the modulation scheme impacts the PSD of the radiated UWB signal and
consequently its compatibility. Certain modulation techniques can offer better
coexistence among UWB systems and other wireless communication systems. Some
modulation schemes exhibit advantages when used for UWB transmission in certain

environments.

Transmitted reference (TR) Modulation

The two pulses per symbol period are used in the TR modulation. The first pulse is
used for template purposes while the second pulse contains the required information
which is delayed with respect to the first one by a short duration [Hirata-Flores08]. The
TR concept was proposed in order to decrease the complexity of the receiver

[Elkhenissil0].
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Fig. 2.1.7 Transmitted reference modulation
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Fig.2.1.7 shows the structure of the TR UWB signal [Pardinas11]. 7}, is the time delay
between pulses and 7 is the total length of the symbol. The information pulse is

modulated through a 180 degrees phase change shown in this example. The reference

pulse g,(t) = p(¢) 1s not modulated by the digital information and the information pulse
8,()=b, p(t—T,)is modulated by the information bits b, and delayed by T, seconds

from the first one [Pardinas11].

2.1.4 UWB applications and limitations

Basically, the applications of UWB can be categorized as positioning, imaging and

communication [John04].

Firstly, for positioning applications, UWB can measure both the distance between two
points and the position of a specified object. It can provide the real-time indoor and
outdoor tracking and navigation. The experimental accuracy for the 400MHz
bandwidth or 2.5ns duration shows that pulse is better than 30cm for indoor and 10cm

for outdoor [FontanaR1J].

Secondly, for imagining applications, the UWB radar can be used to identify
underground objects such as land mines and to locate people hidden behind a wall or
under debris. It can detect the location of steel reinforcement bars in concrete, electrical
wiring and pipes hidden in a wall. It also can resolve multi-path delay values in
nanosecond range, which allows for finer resolution in precision imaging and

navigation systems.
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Lastly, in terms of communication, UWB can be used for Wireless personal area
network (PAN) in distributing electronic devices e.g. phones, printers, computers, etc.

within a building or small area as well as in a wireless location area network (LAN)..

Among the long list of UWB possible applications, the short-range high-data rate
wireless communication is currently one of the most popular research areas. Many
companies, such as Intel, TI, and Motorola, have already invested great efforts in the

research and development of the UWB technology.

As a developing technology, UWB has some limitations as well. Firstly, due to its high
data rate, high-speed analog to digital converter (ADC) and high-speed digital signal
processing (DSP) are essential to digitize and process UWB signals. It brings the
challenge to the ADC designers. Secondly, due to extremely wide band of UWB, very
wide band antenna is required. For traditional antenna, it is difficult to keep the
constant amplitude and constant group delay over a wide bandwidth. Hence, for UWB,
the wideband antenna such as distance antenna, logarithmic antenna is preferred.
However, a wideband antenna is often costly and large in size. As a result, efficient and
low cost antennas are crucial for UWB systems. Lastly, due to the low transmission
power of UWB, the coverage area of the UWB signal is limited. In general, with high
gain antenna, UWB signals many cover up to one kilometer. But with regular antennas,

the range of UWB signals is usually from ten to twenty meters.

2.2 UWB transmitter
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2.2.1 Impulse and OFDM transmitters for UWB

There are two different formats of the UWB signals. The first format is the impulse
radio which uses high bandwidth analog baseband pulses to carry information, see
[Win98]. An impulse radio-based system may accommodate many users according to
its significant bandwidth. This impulse radio can be transmitted repeatedly at random
time intervals, in order to minimize interference from other users in multiple access
channels known as time-hopping impulse radio [He09]. Impulse radios must contend
with a variety of interfering signals and insure that they do not interfere with narrow-
band radio systems. Impulse UWB radios employ modulated impulse like waveforms
[Miao06], which operate in the highly populated frequency range below 10 GHz. One
of the most popular UWB pulse is the Gaussian monopulse that will be discussed later.
In general, the building block of an impulse-radio transmitter is shown in Fig.2.2.1. The
information could be encoded by PAM, PPM or BPSK seen as described in Section
2.1.3. Another advantage of impulse radio transmitter is that it can also be used for the

carrierless (baseband) transmission.

Sequence —— | Pulse >
Generator Generator

Modulator

Fig.2.2.1 The building block of an impulse-radio transmitter [Heydari05]
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The second format of UWB radios uses the orthogonal frequency division multiplexing
(OFDM) technique, which is a multicarrier approach used in multiple sub-bands across
the UWB spectrum [Heydari05] and [RazaviR05]. In a multiband UWB transmitter the
whole 3.1-10.6GHz bandwidth is split into several sub-bands, as illustrated in Fig.2.2.2,
where OFDM symbols are interleaved along different frequency bands in compliance
with the FCC rules for UWB transmission. In order to avoid interference, the
transmitted pulse should be shaped, which will be discussed in Chapter 3. The current
OFDM proposal specifies a mandatory mode as utilizing 3 bands between 3.1 and 4.8

GHz while the upper spectrum band is left for optional modes [Lee04].
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Fig.2.2.2 The bandplan for UWN multiband OFDM [Heydari05]

One of key requirements of OFDM is the ability to generate multiple frequencies. The
architectures mostly consist of a phase lock loop (PLL) or several PLLs to generate the
center frequencies that have the multiple numbers of frequency synthesizers. Finally,
the desired center frequency is chosen by using a multiplexer. Generally, the building

block of the OFDM transmitter is shown in Fig.2.2.3. The OFDM is sensitive to

20



frequency synchronization problem and often use PLL to generate the carrier

frequencies [RazaviR05]. It is a disadvantage compared with the impulse radio UWB

system. According to the low power and simple design requirements, the impulse radio

UWB is chosen to design in this thesis.

X
Data

Modulator

Pulse
Generator

PLL

Desired center

freqency

/ Different
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\ Center freq.

Multiplexer

Fig.2.2.3 The building block of an OFDM transmitter

2.2.2 Pulse generators

The pulse generator is the essential component in the UWB transmitter. There are

several methods for pulse generation. One is pulse generation based on discrete diode

components and pulse shaping using an RC filter [Han02], [LeeNO1]. The second is the

bipolar junction transistor (BJT) based pulse generator [KimPJO3]. The third is the

digital pulse generator using the logic gate [Kim04]. The fourth is the CMOS/BiCMOS

analog pulse generator [Zheng04].
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Pulse shape

Signals that occupy different bandwidths are shown in Fig.2.2.4 [Aiello03], where all
signals have been shaped with a Gaussian envelope. The -10 dB bandwidth of these
signals are from 5 GHz to 5 MHz. Except the bottommost waveform, all other
waveforms are classified as UWB signals because their -10 dB bandwidth is not less
than 500 MHz. As mentioned earlier, UWB signals are defined as having a bandwidth
of at least 500MHz, or 20% of the centre frequency. In Fig.2.2.4, the narrower the
pulse width is in time domain, the wider the bandwidth is in frequency domain. So the
pulse width can define its bandwidth. For the same amplitude in time domain, the

larger the bandwidth is, the lower the power spectrum density is.
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Fig.2.2.4 UWB signals of different bandwidth [Aiello03]

There are several popular types of generators for the single band UWB, such as 5™
order Gaussian pulse generator [Sheng03, Kim04, KimJoo0O5] monocycle pulse
generator [Han02, Marsden03, LeeNO1] and Scholtz’s monocycle pulse generator
[KimPJ03]. These types of pulses use the whole FCC spectrum, and generally there is
no carrier for the single band UWB transmitter. Impulse transmitters often adopt this
type of generators. The Gaussian pulse generator can be use for both single band UWB

transmitter and multiband UWB transmitter. Pulse shaping is used mainly to reduce the
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side-lobe in the frequency domain [Fujiwara05], [Melendez00] and [Choi04]. The
baseband Gaussian pulse is then shifted to a desired frequency by mixing it with a

carrier from a VCO in the multiband UWB transmitter.

5" order Gaussian pulse generator

[Sheng03] reported a 5™ order Gaussian pulse generator, which generates the 5™
derivative of the Gaussian pulse with the most effective spectrum for the single band
UWB transmitter under the FCC spectrum mask shown in Fig.2.2.5. For an assumed

indoor system, 5™ derivative of Gaussian pulse can be written as follow:

=4l £ . 10 15t o r° 24
Y N0 ZoaN DY To s Y Jodi P 20° @4

where A is a constant chosen to meet the limitation set by the FCC [Sheng03]. In this
equation, o has to be 51 ps to satisfy the FCC regulation [Kim04]. Its pulse waveform
is shown in Fig.2.2.6. This 5™ Gaussian pulse is suitable for the UWB system which

uses the whole FCC spectrum.
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Normalized Amplitude

Time {ns)

Fig.2.2.6 The pulse shape for the fifth derivative of the Gaussian pulse [Sheng03]
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Gaussian monocycle pulse generator

The Gaussian monocycle pulse generator [Marsden03] is popular for impulse radio
transmitters. The monocycle waveform is a wideband signal whose power spectrum
density and bandwidth will be dependent on the pulse width. The Gaussian monocycle

pulse is similar to the first derivative of the Gaussian pulse and is given by [Withing]:

V(t)=2JeAmf.e 2 2.5)

where e is the Euler’s number, A determines the peak amplitude of the pulse,

f. determines the pulse’s centre frequency, and ¢ is time. In the frequency domain, a

Gaussian monocycle is given by [ Withing],

1 f
1 [2¢ A —C)
V(f)=§ g —fze 2 (2.6)

Its waveform and power spectrum density are shown in Fig.2.2.7.

Guassian Monocycle Waveform

Amplitude

Time(ns)

(a)
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Gaussian Monocycle Power Spectrum Density
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Fig.2.2.7 A 2 GHz Centre Frequency Gaussian Monocycle pulse in (a) Time and (b)

Frequency Domain [Withing]

Scholtz’s monocycle pulse generator

Scholtz’s monocycle pulses are also popular and similar to the second order derivative

of Gaussian pulses [Zheng03], [KimPJ03]. It waveform is represented in Fig. 2.2.8

[KimPJO3].
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Fig.2.2.8 Scholtz’s Monocycle in Time Domain [KimPJ03]
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Gaussian pulse generator

The Gaussian pulse generator can flexibly control the centre frequency of and
bandwidth of the pulse. This is an attractive feature in designing multiband UWB
transmitter. The Gaussian pulse shaping reduces the interference between signals in the
adjacent sub-bands in the frequency domain. This type of generators uses two
independent sources usually: one oscillator for the centre frequency (carrier frequency)
and other generator for the baseband pulse. This method provides the flexibility in
controlling the centre frequency by simply changing the carrier frequency to the desired

value. The bandwidth is inversely proportional to the width of the Gaussian pulse.

it |

Fig.2.2.9 The Gaussian pulse waveform

A baseband Gaussian pulse waveform is plotted in Fig.2.2.9 and can be expressed as

[Gupta02],

g(r)=e 017 2.7)
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where ¢, is the centre of the pulse, and T is the pulse width. A sinusoidal modulated

Gaussian pulse is defined by [Gupta02] as,

g(t) = e sin[27f (£ —1,)] 2.8)

where fis the modulation frequency. These two pulses have the same Fourier

spectrum envelope, which also has a Gaussian profile [Gupta02],

G(f)oce ™ (2.9)

Fig.2.2.10 shows the modulated Gaussian pulse and its Fourier spectrum in the
frequency domain. In Fig.2.2.10 (b), the side-lobe of the spectrum is approximately
zero in frequency domain. This improves the performance of the multiband UWB

transmitter in a multiple access operation.
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Fig.2.2.10 (a) A modulated Gaussian pulse and (b) its Fourier spectrum [Gupta(02]

2.3 Receiver

There are some basic receiver architectures, such as heterodyne receiver, homodyne

receiver and image-reject receiver.

2.3.1 Receiver architectures and fundamentals

Heterodyne receiver

The heterodyne receiver is one of the most popular receiver architecture since being

invented by Armstrong in 1918. In heterodyne receivers, the signal band is translated to
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much lower frequency; therefore, the Q required of the channel-select filter is not high.

Fig.2.3.1 (a) shows the simple heterodyne receiver. wy,, ®,,, ®,, and o, are the RF
signal’s frequency, LO port’s frequency , image’s frequency and intermediate
frequency respectively. The signal is mixed with a sinusoid Ajcosw,,t
where w,, = Wy, — @, , thereby yielding a band around o, = @, —®,, and another
around w,, +®,, . The low pass filter (LPF) filter out w,, +®,, . This signal is

translated to lower frequency band. This process is called down-conversion. Due to the
low input signal level, a good LNA is inputted for UWB. This also helps to improve the

receiver’s noise. w, ,1s generated by the local oscillator.
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Image Channel
O Reject Select [—™
Filter Filter
A, cos w,t
(b)

Fig.2.3.1 (a) Simple heterodyne receiver; (b) the heterodyne receiver with less

interferes [Razavi9g]

The image frequency creates a critical problem for the heterodyne receiver. While
down converting the desired RF signal to the IF, the mixer also down-converts the
energy at the image frequency to the same IF, if the image frequency

satisfies @, = @, —0,, = w,, —®,, . Thus, an image reject filter is added to the

heterodyne receiver shown in Fig.2.3.1 (b). The image reject filter is designed to have a
large attenuation of the image frequency. The channel select filter is required to remove
the nearby interferers. For a high IF receiver, the image can be suppressed easily, while
the nearby interferers will be better suppressed for a low IF receiver. A trade-off
between image rejection and channel selection exists in the heterodyne receiver. In
another word, it is also the trade-off between the sensitivity and the selectivity of the

receiver since image degrades the sensitivity of the receiver.

Homodyne receiver

Homodyne receiver is also called a zero-IF or direct conversion receiver as shown in

Fig.2.3.2. The RF signal is down-converted directly to the base band frequency.
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Comparing with the heterodyne receiver, the most important feature of the direct
conversion receiver is that it does not have the image problem because of the zero-IF.
There is no image-reject filter and IF filter required in this receiver. The architecture of
this receiver is simpler and fewer external components are needed in principle. So it is
very suitable for full integration design as well as multi-band, wideband, and multi-
standard applications. Shown in Fig.2.3.2 [Razavi98] is a simple homodyne receiver
with quadrature down-conversion architecture. In Fig.2.3.2, the input carrier frequency

is equal to the LO frequency.

LPF —» I

cos w,t

sin w,t

LPF —» Q

Fig.2.3.2 Homodyne receiver with quadrature down-conversion

When the down-converted band extends to zero frequency, the offset voltages can
corrupt the signal and this situation may saturate the following stages. There are two
main causes for DC offsets in a homodyne receiver. The first cause is the LO leakage.
Because the isolation between the LNA, the input port of the mixer and the LO output
port is finite, a small amount of feed through from the LO port to the LNA and mixer

will cause the self-mixing of the LO signal and generate a DC output. A similar effect
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occurs if a large interferer leaks from the LNA or mixer input to the LO port and is
multiplied by itself. This is called the interferer leakage. There are some methods for
the offset cancellation. First, a DC free modulation scheme minimizes the baseband
signal energy near DC. Second, AC coupling can reduce the DC offset, but will cause
some loss to the signal at the baseband. Third, digital signal processing can be used for
the DC offset estimation and cancellation [Rudell97]. In this paper, two offset current
digital-to-analog converters are used to mitigate any effect due to LO self-mixing at

baseband.

For phase and frequency modulation schemes, the quadrature architecture of the
homodyne receiver must be used. LO outputs have 90° phase differences shown in

Fig.2.3.2 . The errors in a 90° phase shift and mismatches between the amplitudes of
the I and Q signals would corrupt the down-converted signal constellation. This
phenomenon is called I/Q mismatch, and would raise the bit error rate also. I/Q

mismatch contribute gain and phase error in the receiver. In practice, it is desired to

maintain the amplitude mismatch below 1dB and phase error below 5° [Razavi9g].

Noise Figure

The noise figure (NF) measures the signal-to-noise ratio (SNR) degradation caused by
the circuit in terms of decibel (dB). NF will have different values at different

temperature due to different noise floor. At room temperature, it is defined,

SNR,
NF =10log “ dB (2.10)

out
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where SNR, and SNR,, are the SNR at the input and output respectively. For M

out

cascaded stages, the overall noise factor is describe below,

F,-1 F,-1 F, -1
T BT M

F = F1 + _
Gl Gl Gz G1G2 o 'GMfl

2.11)

F, is the noise factor and G, is the power gain in the M" stage respectively.

Equation (2.11) shows the Friis formulas for noise.

Friis’s equation is only valid when the output of one stage is power matched to the
input of following stage, usually at a low impedance value, e.g. 50 Q. However, in a
fully integrated receiver, the power matching of one stage to the following stage is not
implemented hence the concepts of power gain and noise figure have to be modified to
suit the voltage of operation shown as [Yeol0],

2 +Vn2,2 + Vn2,3

R,+R, Y A A
F:1+( S m) + i1 12
R 4KTR,

(2.12)

mn

where Ry, R,, V. and A, are the source resistance, the input impedance of the first

stage, the mean square value of input referred noise and the loaded voltage gain of the

building block i respectively. k and T are Boltzmann’s constant and the absolute

temperature. The overall NF is shown as, NF =10log F' dB.

The conventional approach for the calculation of the noise factor is based on (2.10) so

the input noise power is dependent on the bandwidth B. NF =P,

in,min

~ N, —SNR

out
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(P

’».min 18 the minimum signal level of input and N, = kTB). Sensitivity of a RF system
is defined as the minimum signal level that the system can detect with an acceptable

signal-to-noise ratio. Under the condition of conjugate matching as the input, the

sensitivity is described as [Razavi9g],

Sensitivity = P,

in,min

= NF +10log(kTB) + SNR . dBm (2.13)

out

where 10log(k7") =—-174 dBm/MHz is the thermal noise floor at T=290K.

Signals in UWB

In UWB system, the EIRP emission power level is -41.3 dBm per MHz in the 3.1-10.6
GHz frequency band. The bandwidth of the UWB signal is usually measured at the -
10dB points below the peak of the spectrum. If the output of the transmitter is the

approximate Gaussian pulse with the -10dB pulse width 7 ns and repetition frequency
F, MHz (the pulse period is T, =1/ F). The required PSD for UWB transmitter can

be described as

T

V2
101og[%/0.001] + 1010g1/F

—10log BW =-41.3dBm/ MHz

0

(2.14)

2

1%
P = IOIOg[%/0.00I} =—41.3dBm/ MHz +10log BW — 101og1/T

0

where V.

& . 15 the rms value of the peak amplitude of the output pulse for transmitter

Vik s
and BW is the bandwidth of the output signal in MHz. IOIOg[%/ 0.001] is the
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power of the continuous signal. 7 /(1/ F)) is the ratio of the pulse width and the pulse

2
TR _rms T

V.
eriod. 10logl ————/0.001 |+101lo
P g( 500 ] g1/F

—10log BW is the emission power per
0

MHz. For example, BW is 500 MHz, F{ is 40 MHz and 7 is 5 ns, then V,,,  is 96

_rms

mV.

For a given distance, and an idea channel (no multipath reflections only white noise),

the formula that related the bandwidth of a channel, the channel’s SNR and the bit rate
is called the Shannon Channel Capacity (C = BWlog,(1+ SNR)) [Kubotal1]. The bit

rate at which data can be sent along a channel with a negligible error rate is the channel

capacity. Hence, as SNR increases, the bit rate must also increase for a fixed bandwidth.

G, and G, are the transmitter antenna gain and the receiver antenna gain respectively.
L, is the path loss. P, is the receiver power and can be described in [Kraus99],
P =P+G +G,-L, (2.15)

8
where L,:2010g4—m, (,1=£:3X109
’ ) £ 4x10

=0.075) and r is the operating distance

between the transmitter and the receiver in meter. If G, and G, are neglectable, then
(2.15) can be shown as
P=P-L,

T 20log (2.16)
/F, 0.075

P =-413dBm/MHz +10log BW — lOlog1

2.3.2 Main building blocks of UWB receiver

Wideband Low Noise Amplifier (LNA)
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LNA is the first building block of the UWB receiver and it is also one of the most
important blocks of the receiver. A good LNA can reduce the noise of the whole
receiver. There are several common goals in designing an LNA. The first requirement
is to provide the 50 Q input impedance for a low reflection coefficient at the input
port. For UWB receivers, the LNA must have a wide bandwidth within the operating
frequency band of 3.1-10.6 GHz. Not all UWB systems use this whole frequency band.
In this thesis, the UWB transceiver is designed for the frequency range of 3.1-5 GHz.
Optimization of the LNA noise figure, gain and linearity are the important
requirements in designing the LNA. The load is assumed to be a capacitive input of a
CMOS mixer. A popular topology of LNA is the common source and common gate

architecture.

Vi
.

Vout
Vdc M 2
M
Lg 1
L

Fig.2.3.3 Inductively degenerated common source LNA

38



In common-source amplifiers shown in Fig.2.3.3, the input signal is applied to the gate
of a MOSFET through the inductor Lg. In Fig.2.3.3, an inductively degenerated
common-source amplifier is described. The real part of the impedance can be
controlled by choosing the suitable degeneration inductance Ls. The input impedance

of this common-source amplifier is shown below,

1
Z., =s(L, +Lg)+—+—g’" L, (2.17)
sC

8s 8s

where g, is the trans-conductance and C, is the parasitic capacitor of the MOSFET.

The imaginary part of (2.17) must be equal to zero at the intended operating frequency,

1
a)(LS—I—Lg)_a)C—:O (218)

8s

So the resonant frequency @, is 1/,/(L, +L,)C,, . If the input impedance is matched

with the source, the real part of the input impedance should be 50 Q,

mn

g
Z, =S =500 2.19
C (.19

8s

Noise factor of the common source LNA is expressed as [Vidojkovic08]

oC Y L )
”"‘J +(a) ) (2.20)

F=1+—"+ R,
R }/ng s( Rst

m

and the power gain of this LNA is described by [Leroux05],
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2
R, (o
G, =—%|—+ 221

T 4Rs(%j (2.21)

Where R, is the load resistance and R, is the source resistance, g,, 1S zero bias drain

conductance and y is a process dependent noise factor.

The above common source LNA can be modified for UWB application. There are two
key requirements in a wide band LNA. They are the input matching and the flat gain
over the wide bandwidth. In Fig 2.3.4, the common source LNA was modified to wide

band LNA from 3GHz to 10 GHz with the flat gain [Moez06].

v,

Rd
Ld 1

- |:M2 Vout

Vdd

XU

Fig.2.3.4 Complete schematic diagram of LNA excluding biasing circuit [Moez06]
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In Fig.2.3.4, the relatively L determines the low-frequency response of the input
impedance. A suitable L is chosen such that a real impedance of 50 Q is achieved.
For a full input matching design, the small inductor L, is placed in series with the input

impedance of the LNA [Moez06]. To bring the lowest frequency as 3 GHz, a large

parallel capacitor C, is added. R, and L, are used to compensated for LNA gain

decline because of the source inductor. L,, is connected between the main circuit and

the output buffer for the bandwidth extension due to a series LC resonance with the

gate capacitance of M.

Fig.2.3.5 shows that the signal is applied to the source terminal, and this type of
amplifier is called a common-gate amplifier. A common—gate amplifier senses the
input at the source and produces the output at the drain. A fundamental difference
between the input matching networks at the common source LNA and the input
matching networks at the common gate LNA is that the common source LNA employs
a series of resonant circuits while the common gate LNA uses a parallel resonant

circuit.
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dd

Fig.2.3.5 Simple common gate LNA

After neglecting the input capacitance, the input impedance and noise factor at the

simple common gate LNA are [Leroux05],

7 1 . 2r, +R, 2.22)
" gm + gmb 2rds .

2R
! - (2.23)

d F=1+ +
o nngs (nngs _1)rds

where n 1s (g, +&,,)/ &, and r, is the drain-source resistor of the MOSFET.

The effective trans-conductance of the common source LNA and common gate LNA

are given by [Su09]
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l (o
G, =7+ —T] (2.24)
2R (wo

and G,, = —— (2.25)

where w; is g, /C,, . The value of @, /@, is in the range of 3~5 [Su09] depending on

the operating frequency and the technique. So the conventional common gate LNA

provides less gain than the conventional common source LNA.

LNA is usually the first block of the receiver because of its high gain and low noise
figure (NF). From (2.11), the gain of the first building block contributes in lowering the
NF of the whole receiver. Sometimes an LNA has several stages to improve gain and
obtain wide bandwidth. In [Ma06], an LNA consists of three common source stages to
achieve 30 dB gain from 0.3GHz to 11 GHz. The cascade inverters are some of the
widely used high gains amplifier topologies [Karanicolas96]. Fig.2.3.6 [Amer06]
shows an approach to boost gain through multiplication of the trans-conductance of the

two cascading stages. C,, L,, C, and Z, are coupling capacitor, RF choke, bypass

capacitor providing AC ground and the load impedance respectively. In this figure, the
two cascading common source amplifiers share the same supply current to reduce the

power consumption. This structure is called the “current reuse topology”.
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Fig.2.3.6 Current reuse two stage cascade amplifier [Amer(06]
; Stage 1 Stage 2 Cratput
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Fig.2.3.7 Simplified diagram of the common gate LNA

In [Weng07], a UWB common-gate low noise amplifier with a current-reuse

technology is presented. In [Weng07], the stagger tuning technique is used to achieve
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the wideband operation in the UWB the common gate LNA. The whole bandwidth of
this UWB LNA is covered by the resonance frequencies of the first and second stages
together shown in Fig.2.3.7. The bandwidth of this LNA is from 3.1GHz to 10GHz.
And the current reuse stage is used to extend the bandwidth and flatten the power gain.
A new LNA structure, targeting a bandwidth of 3.1-5GHz was designed and described

in Chapter 4.

Voltage Control Oscillator (VCO)

The voltage control oscillator (VCO) is a high power consuming block in the
transceiver. It is used as the local oscillator (LO) to down convert the frequency of the
signal from the LNA. The important performance parameters of VCO are the
oscillation frequency, output amplitude, power consumption and phase noise. Phase
noise is the error or random deviation of the frequency of the oscillator output signal.
To design a high performance VCO, some fundaments of VCO should be taken care,

such as principle of oscillator, LC tank and cross-couple structure.

If the amplifier itself experiences large phase shift at high frequencies that the overall

feedback becomes positive, then oscillation may occur shown in Fig. 2.3.8.

H(s)

Vout

Vin

Fig.2.3.8 Feedback oscillatory system
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mn

Fig.2.3.7 shows the feedback oscillatory system. And its transfer function is in (2.26).

In order to start up the oscillation, there are two criteria that should be satisfied: (1)
H (s) should be unity and (2) the total phase around the loop should be zero (or 180 if

the dc feedback is negative). This is called Barkhausen’s criteria [Razavi98]. Both ring

oscillator and LC tank oscillator meet these criteria.

A ring oscillator consists of several gain stages in a loop. A ring oscillator can be built
in any standard CMOS process and would require much less die area than an LC
oscillator. A ring oscillator can be made by connect an odd number of inverting gain
stages in a ring. Fig.2.3.9 shows an example of a three stage ring oscillator, where each
inverter can be a common-source stage, or a CMOS inverting stage, or a differential

stage. If an odd number of M inverters is configured in a feedback loop as in Fig.2.3.9
(a), the circuit may oscillate with a period equal to 2MT, , where T, is the delay of each

stage [Razavi98]. The Barkhausen’s criteria for the oscillator are (i) the total phase shift

is zero, and (ii) the loop gain is unity.

P

Fig.2.3.9 (a) Ring oscillator using CMOS inverter
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Fig.2.3.9 (b) Three-stage ring oscillator

Fig.2.3.9 (b) [RazaviOl] shows a three-stage ring oscillator implemented at the

transistor level. The loop gain of this oscillator is

H(s)= A (2.27)

()
W,
Where A, is the voltage gain per stage and @, is the 3 dB bandwidth of each stage.

If the frequency dependent phase shift equals 180", the circuit of Fig.2.3.9 (b) will

oscillate. The phase shift of each stage is 60°, and the oscillated frequency @,,, can be

osc

calculated as below:

LD ,
tan~ —2< = 60" (2.28)
28

where @, is equal \/ga)o.

47



When the magnitude of the loop gain is equal to unity, the minimum voltage gain can

be obtain,

A
7 =1 (2.29)
{ 1+(“’m)2}

2

A, =2

The multiple-stage design increases the noise level. In addition, the switching activities
also produce a lot of disturbances in a ring oscillator. A general discussion of the ring

oscillator phase noise is given in [Razavi96],

kTR (o \
L(Aw)=A, .22 Lo 2.30

where A, is a factor depending on the noise generation mechanism studied, k is the
Boltzmann’s constant, 7 is the temperature in Kelvin, R, is an equivalent noise
resistance, V, is the voltage amplitude of the signal, @, is the oscillation frequency,

and Aw is the frequency offset.

Ring oscillator’s phase noise is usually higher than the phase noise of LC oscillator, so
LC oscillators are more commonly used in RF transceivers. Normally, an LC oscillator
includes the LC tank, which consists of an inductor and a capacitor. The frequency of
an LC oscillator is dependent on the resonance frequency of LC tank. Fig.2.3.10 shows

the conversion of an LC tank to three parallel components.
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(a) (b)

Fig.2.3.10 Conversion of a practical LC, (a) tank to three parallel components,(b)

For the real circuit, the inductor and capacitor have the parasitic series resistances,

R, and R, respectively. Fig.2.3.10 (b) is the equivalent circuit of Fig.2.3.10 (a). The

circuit oscillates at the resonant frequency, o,

e =1/4/L,C, of the parallel LC tank.
Therefore, the oscillation frequency of a VCO (voltage controlled oscillator) can be
tuned by varying the value of either the inductor or the capacitor. Switches can also be
added to several inductors to create various combinations of inductance [Li04],
[Herzel00]. MOS varactors or PN varactors can also replace fixed capacitors, so that
the total capacitance can be varied by the control voltage of the varactors [Min05]

[Fong 03]. Before the phase noise of LC oscillator is discussed, the fundamental

performance of phase noise is explained.

For an ideal oscillator, the output spectrum of an oscillator assumes the shape of an

impulse at the oscillating frequency @, , whereas for an actual oscillator, phase noise is

exhibited as a “skirts” around the centre or “carrier” frequency shown in Fig.2.3.11

[Razavi96]. The phase noise is defined by,
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Phase noise = P (2.31)

P,

sig

where P

noise

is the noise power density at an offset Aw from the centre frequency w,

and P, is the carrier power.

Idea oscillator Actual oscillator
A

Fig.2.3.11 Phase noise of an oscillator

For an idealized LC oscillator, the phase noise can be expressed as [Lee00],

L(Aw) = 1010g[2;<£(2;)—2w] ] (2.32)

where k is the Boltzman’s constant and 7 is the temperature. Q is the quality factor of
the LC tank. When the carrier power or Q increases, phase noise will be decreased. The

unit of phase noise is dBc/Hz or “decibels below the carrier per hertz”.

Many papers on phase noise in VCO’s have been published. The expression (2.32)

published by [Leeson66] describes the phase noise performance of VCO’s effectively.
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(2.33)

where Q is the quality factor of the LC-tank, f,is the carrier frequency, P, is the

sig
signal power of the oscillator, Af is the frequency offset, F is the noise factor for the

active devices, K is the Boltzman’s constant and 7 is the temperature.

For a UWB system, the frequencies of signals are within the frequency range that is
from 3.1 GHz to 10.6 GHz. In the UWB multi-band transceiver, a VCO is often used to
generate the carrier frequencies [RazaviR05]. Thus the VCO must be able to cover this
frequency range. A modified low power VCO is designed for the UWB receiver in

Chapter 4.
Mixer

The circuit that performs the signal multiplication is called a mixer. The mixer consists
of three ports. The mixer is used for mixing the RF signal and LO signal to produce a
replica of the RF signal but at an IF or at the base band. The frequencies at the mixer
output are the sum and difference frequencies of RF signal and LO signal. The
conversion gain (or conversion loss) is the ration of the IF output power to the RF

power [Caverly07],

Conversion gain = IOIOg[;)iJ dB (2.34)

RF

=20 log(vi] dB
\%

RF
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RL
IF = sin(kzr/2)
Lo+—|[ S(t)= ; TS cos(ka, 1)
RF — [ M2 Ipp = 8,,Vir COS(0ppt)

Fig.2.3.12 The switching mixer [Caverly07]

Fig.2.3.12 demonstrates the basic principle of a switching mixer. In this active mixer,

I, is the trans-conductance current of RF signal. The LO is assumed as a square wave

generating a mixing function, it can be expressed as a Fourier series S(t). The current

through the transistor M1 is given by (2.35) [Caverly07],

Ly = pe = 8,Vir COS(@p1)]S (1) (2.35)
V- can be described as,

Vie =V —1,,,R, (2.36)

Equation (2.35) is substituted into (2.36). When k is one, the desired IF signal is

obtained. Ignoring the harmonics of (2.36), the output V,, is

1 2 . 1
Vie =Vop — E IR, — ;RLIDC sin(w, 1) + E 8RR, Vir cOS(@y, 1)

. (2.37)
+; 8, R Ve sin[(@,, £ @y, )t]
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Eliminating the up-converted term in (2.37), the conversion gain is the ratio of the IF
output voltage to the RF input voltage according to (2.37) and the conversion gain is

g, R, / m[Caverly07].

Fig.2.3.13 (a) The single balanced MOSFET mixer

VDD _ _ VDD
RL RL
—IF +
L0+4' Mia  Mib H—' Mic Mid ’7L0+
LO -

RF+—‘ M2a M2b ’—RF_
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Fig.2.3.13 (b) Standard double balanced MOSFET mixer

Fig.2.3.13 (a) and (b) show the single balanced MOSFET mixer and double balanced
mixer respectively. A single or double balanced mixer converts energy in the upper or
lower sidebands with equal efficiency. The analysis of the conversion gain is similar to
Fig.2.3.12, the conversion gain of the single balance mixer and double balance mixer

are 2g, R, /7 and 4g R, / 7 respectively. The noise figure of a mixer can be described

in terms of single-sideband noise figure or double sideband noise figure. In general,
the output noise of the mixer consists of the noise generated within the mixer and the
noise coming into the mixer multiplied by the conversion gain. The noise with the
mixer can be from either the input port or the output port. The noise figure of a single

sideband mixer and the noise figure of a double sideband mixer are [DavisO1].

N

Foo—— o 2.38
SSB NGG’f ( )
and F Ny (2.39)

DSB =—(Glf TGN, .

m

where N, is the total noise power delivered to load in the mixer. Nis the noise
power from the signal source. G,, and G,, are the equal gains at the RF and image

frequencies. So the noise figure of the single sideband mixer is twice of the double
sideband mixer. In another word, the noise figure of the single sideband mixer is 3 dB

higher than that of double sideband mixer.
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Active mixers exhibit positive conversion gain. However, passive mixer always exhibit
lower IF power outputs than RF power inputs, and so the term conversion loss applies.
The balanced mixer is a general circuit topology and can be used for passive mixers as
well. Fig.2.3.14 (a) and (b) show the single balanced passive resistive mixer and double
balanced passive resistive mixer. A passive CMOS mixer is suitable for low-voltage
applications [Verma06]. For UWB receiver, the passive resistive mixers are often used

to achieve low power consumption.

RF

Lo+ L0~

IF + IF -

Fig.2.3.14 (a) Single balanced passive resistive mixer

RF + RF —

LO+ 4{[ ]ﬁ[ ]F LO+
| |

IF + IF —

Fig.2.3.14 (b) Double balanced passive resistive mixer
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Fig.2.3.14 (a) shows a down-conversion mixer and the two transistors are driven by
complementary phase the LO signals. The advantage of the passive mixer is no power
from the supply voltage. The conversion gains of a single balanced mixer and a double

balanced mixer are respectively [Zhou05].

2 . (#AAT\T
chnv,xingle—hulam'ed =;S1n (TJE (2.40)
1 aAT \ T
G, .. - —sin| 21 | — 2.41
conv,double—balanced P ( T JAT ( )

where AT is the equivalent turn-on time of the passive mixer and 7 is the LO period.

Normally, nMOS transistors have better switching performance than pMOS transistors
thanks to the higher mobility of electrons than holes [AndreaniO1]. Therefore, nMOS
transistors were chosen for the switch. The absence of dc current through the transistors
makes it possible to eliminate the 1/f noise. The noise performance is dominated by the
on-resistances of the switches. The noise factor for a double balanced passive mixer is

shown in [Cook06],

2
_Rs+st.L.[ ks j’OSDS (2.42)

1
F. = -
1ee R, 4D \sinzD 2

where quantity D is the conduction duty cycle, thus D can assume values from 0 to 1.

R and Ry, are the source resistor at the mixer’s input and the resistor of the switch.

The size of the transistors determines the noise of the passive mixer. Large transistors

have smaller on-resistance and hence have better noise performance. However, if a
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passive mixer is connected directly to a LNA, the low on-resistance of switch will
degrade the voltage gain of LNA. The required LO amplitude increases due to the
larger transistor of the mixer also. As a passive mixer cannot drive low-impedance
loads it should be followed by a buffer or high input impedance stage. A passive mixer

is used in the proposed design in Chapter 4.
2.4 Conclusion

In this chapter, the basic theories for the UWB system and transceiver are reviewed.
Some basic principles of UWB, single and multi-band concepts, applications,
limitations, and modulation schemes are analyzed. The two major components of the
transceiver are transmitter and receiver. Impulse and OFDM UWB transmitters are
discussed. Different pulse generators, e.g., 5™ order Gaussian pulse generator, Gaussian
monocycle pulse generator, scholtz’s monocycle pulse generator and Gaussian pulse
generator are described and analyzed in details. Finally, the different receiver
architectures and fundamentals are analyzed. The main blocks of the receiver, such

LNA, mixer and VCO are described and discussed.
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Chapter 3

Analysis and design of transmitters

3.1 UWB Transmitter

UWRB transceivers are attractive to short range wireless applications because of the low
power spectral density, high data rate, and robustness to multi-path fading. In Chapter
2, the impulse radio transmitter and the OFDM transmitter are described in general.
Compare to the multi-band OFDM UWRB, impulse radio UWB systems have much
simpler architectures, consume significantly less power, and are more versatile under
different channel conditions [Zhu(09]. Impulse UWB radio signals use extremely broad
bandwidth for transmission. It is desirable for UWB signals to spread the energy as
widely in frequency as possible to minimize the power spectrum density and hence
potential for interference to other user systems. Pulse generation and pulse shaping are
among the basic requirements in UWB transmitters. Carrier-modulation and/or
baseband analog/digital filtering of baseband pulse are common approaches to design
the pulse shaper. Fundamentally, there are two popular types of UWB pulses recently

used, the Gaussian pulse and monocycle pulse.
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—» Modulator — Pulse generator

Fig.3.1.1 (a) The carrierless UWB transmitter

—>»  Modulator » Pulse generator

LO (Local oscillator)

Fig.3.1.1 (b) The UWB transmitter with carriers

There are two main categories of the UWB transmitters. The first approach is the
carrierless impulse radio transmitter [Zheng04] and [Bagga04] as shown in Fig.3.1.1
(a). For the carrierless UWB transmitter, the pulse generator and pulse shaping circuits
are the key components. There are two types of pulse generators, the analog pulse
generator [Zheng04] and [KimPJO3], and the digital pulse generator [Kim04] and
[Norimatsu07]. The absence of the carrier frequency is the main difference from the
narrow band transmitter. The pulse generator will generate a very narrow pulse to fit
the required wide bandwidth in this type of transmitter. As no carrier is used in this
transmitter, the power consumption will be extremely low. However, the spectrum of
the generated pulse is not changeable. Usually this type of transmitter can use the

whole UWB spectrum (Single band UWB), or a large portion of the spectrum, e.g. the
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lower band UWB or the higher band UWB. Alternatively the UWB transmitters with
carriers as in Fig. 3.1.1 (b) are described in [Ryckaert05], [Diao09], [Cavallaro10]. In
this approach, a baseband pulse is generated and then up-converted to the desired
frequency. The shape of the baseband pulse and the carrier frequency will determine
the selected frequency band which can be easily changed. This transmitter is more
flexible compared to the carrierless transmitter. Hence, the second approach is chosen

for the design of the transmitter in this thesis.

One of the great benefits of the UWB transmitter relative to the narrow band
transmitter is that most UWB transmitters do not have some complex circuits such as
the power amplifier (for short range applications) and frequency synthesizer requiring a
circuit such as the phase-locked loop (PLL). In contrast, an UWB transmitter is
relatively simple and inexpensive to implement. This Chapter is focused on the impulse
radio transmitter. Pulse based transmitter architectures have been proposed in

[Aiello03], [Frontana04], [Norimatsu07], [Salahuddin08].

In an impulse radio transmitter, popular modulation schemes are PAM, PPM and
BPSK. PAM varies the amplitude of the transmitted impulses to code the different
states. The on-off keying (OOK) modulation is a special case of PAM. In each defined
transmission time-slot for OOK modulation, an impulse is emitted for code 1, and
nothing is emitted for code 0. In PPM, the chosen code to be transmitted influences the
position of the UWB pulse. While bit ‘0’ is represented by a pulse originating at the
time instant 0, bit ‘1’ causes a shifted in time by duration of ¢ from 0. The signal can

be represented as [Oppermann06],
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x(t) = w, (1~ &) 3.1)

where O is a constant, w, is the UWB pulse waveform, and j is the bit transmitted,

0,(j =0)
d. = 3.2
! {l,<j=1) G-2)

The phases of emitted pulses are opposite for bit 0 and 1 in BPSK modulation.

The extremely low power spectral density (PSD) is generally required for UWB

systems. The PSD is defined as

P

PSD = 33
2 (3.3)

where P is the transmitted power and B is the bandwidth of the pulse signal.

The proposed transmitter is for a multi-band UWB system. The multiband approach
provides a means for coordinated multiple access as different users can be allocated for
different bands. The idea behind the multi-band operation is to efficiently utilize the
UWRB spectrum by facilitating the frequency division multiple access operation, and to
ease the demands in the hardware implementation in CMOS. The total UWB frequency
band is divided into a number of non-overlapping sub-channels. The channel selection
is accomplished by setting the required carrier for the up-conversion of the UWB
baseband impulse. The carrier frequency determines the center frequency of the
channel, while the impulse shape and duration controls the bandwidth. The UWB

bandwidth is generally defined by the -10 dB points below the peak radiated emission.

61



There are several challenges in designing the multi-band UWB radio. The low power
consumption is one of the important challenges. The transmitted power of UWB radios
is constrained by the FCC mask described in Chapter 2. Some recent low power multi-
band transmitters are reported in [Lin08], [Zheng09], [Zhang09], [Hal0]. The Gaussian
pulse is often used for the multi-channel UWB because of its low side-lobes. The
second challenge is to achieve the accurate pulse duration so that the bandwidth of the
UWRB signal fits in the partition of the frequency spectrum. The third challenge is to
achieve an appropriate transmitted pulse shape to reduce the side-lobe of the pulse

spectrum.

This Chapter will show the theory and proposed circuit for the pulse shaping. As UWB
transceivers are intended for short range and low power applications, non-coherent
modulation schemes such as PAM and PPM are the preferred choices for their easy
implementation. Non coherent detection is the process happened when the receiver
doesn’t utilize the carriers phase to detect the signals. The coherent detection is the
process happened when the receiver uses the knowledge of the phase of the carrier

wave to demodulate the signal.
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3.2 The proposed UWB transmitters

3.2.1 Architecture of PAM transmitters

The block diagram of the proposed PAM UWB transmitter is shown in Fig.3.2.1. The
Gaussian shaping filter produces a pulse train with the pulse width defined by the band
width of the required signal. The clock and data inputs are synchronized by the D-flip-
flop (DFF). The output P of the Gaussian shaping filter are modulated by the
synchronized data to produce the pulse train S. In general, the pulse train with a regular

pulse output can be written as [GhavamiO7],
s(t)=)_ p(t—nT) (3.4)

where T is the period or the pulse-spacing interval and p(f)is the basic pulse. In

Equation (3.4), the magnitude in frequency domain will increase when the pulse rate or
the pulse amplitude is increasing in time domain. The narrower the pulse duration in

time domain is, the wider the bandwidth of the pulse is.

The switch acts as an analogue multiplier (mixer) in Fig. 3.2.1. The switch performs a
multiplication between the pulse train S and the signal generated by the voltage control
oscillator (VCO). The output can be directly fed to an antenna of 50 € load. No power

amplifier as required, if the out power of the VCO can satisfy the FCC requirements.
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) P
clock —» Gaussluan -/ Modulation —>—» Switch —»
pulse filter circuit out

: > DFF Q
Data input —

Fig.3.2.1 Block diagram of the proposed UWB transmitter for PAM

3.2.2 Architecture of PPM/PAM transmitters

Subsequently, the PAM transmitter has modified to the PAM/PPM transmitter. The
proposed architecture features a simple design, low-power operation, and enables the

pulse-shape generation for 2 modulation schemes for a multi-channel UWB.

The proposed PAM/PPM UWB transmitter block diagram is shown in Fig.3.2.2. The
Gaussian shaping filter produces two pulse trains P1 and P2. For each pulse train, there
is one pulse per bit. P1 and P2 have the same pulse shapes, but different pulse positions
in the time domain. The pulse width is inversely proportional to the band width of the
required signal within this pulse train. The clock and data inputs are synchronized by
the DFF. The main difference between the two transmitters is that the PAM/PPM UWB
transmitter provides a selection of the modulation scheme. In Fig.3.2.2, the outputs P1
and P2 of the Gaussian shaping filters are modulated by the synchronized data Q to
produce the impulse trains S1 and S2. In Fig.3.2.2, Vcl is the control signal which
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selects the types of the modulations, such as PAM or PPM. The frequency up-converter
performs a multiplication between the impulse train S1 or S2 and the local oscillator
signal generated by the VCO. The output can be directly fed to an antenna of 50 Q load

too.

V1
RO N
Gaussian | —— Modulation |—=— | Frequency
clock T pulse filters | P2 | scheme | S2 up-
selection ?onverter out
—> Q
Data input —» DFF

Fig. 3.2.2 Block diagram of the proposed UWB transmitter for PAM/PPM

3.3 Pulse generator

3.3.1 Pulse shaping techniques

When rectangular pulses are passed through a band-limited channel, the pulses will
spread in time, and the pulse for each symbol will smear into the time intervals of
succeeding symbols. This causes inter-symbol interference (ISI) and leads to an

increased probability of the receiver making and error in detecting a symbol. Since it is
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difficult to directly manipulate the spectrum of the transmitted pulse at RF frequencies,

spectral shaping is done through base-band or IF processing.

As described previously, the UWB pulses are modulated by the digital information
over a wideband of frequencies. Pulse shaping determines the primary characteristic of
the distribution of energy within the frequency domain, and properly shaping the pulse
will concentrate more energy in the main lobe of the pulse spectrum, reducing side lobe

energy and reducing the chance of adjacent band interference [GhavamiO7].

The most popular pulse shape for UWB communication systems is the Gaussian pulse
since it has the lowest side-lobe compared to rectangular or sinusoidal pulse, i.e. most
energy is contained in the spectrum of the Gaussian pulse. The Gaussian low pass filter

has a transfer function given by [Rappaport96]
Hg =exp(-a’f?) (3.5)

where « is related to the bandwidth. As «a increase, the spectral occupancy of the

Gaussian filter decreases and the time dispersion of the applied signal increases.

The impulse response of the Gaussian filter can be represented by the following

equation:
ygl(t) = Klei(t/r)z (3.6)

Where k, («1/a) is a constant, 7 («¢*) is the time-scaling factor. A true Gaussian

pulse represented by (3.6) is not physically realizable, but it can be approximated by a

realizable CR-(RC)n quasi-Gaussian filter of the form [Fairstein90]:
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y(@)=[t"/n'le”’ (3.7)

The CR-(RC)n filter contains a CR high-pass section followed by n low-pass RC
sections with the same time constant. This configuration is known as a quasi-Gaussian
filter because the response to a step input approximates that of the Gauss error

2 2
curve e /27

. A simple RC low pass filter of several identical sections rapidly
converges with increasing number of sections towards the Gaussian. A better

performance can be obtained with the same number of filter sections but different time

constants.

UWB implementations directly modulate an impulse-like wave form with sharp
rise/false times that occupies several GHz of bandwidth. In earlier work, a typical
baseband UWB pulse (see Fig.3.3.1 [Roy04]) such as the Gaussian pulse monocycle
obtained by differentiation of the standard Gaussian waveform has been used
frequently for analytical evaluation of UWB systems. The Gaussian monocycle pulse is
used because it is suited for multiband UWB signals and their pulse width can be

changed in order to control the bandwidth. The wave form is given by (3.6).
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Fig.3.3.1 (b) UWB Pulse spectrum (Gaussian monocycle in frequency domain)

The bandwidth of each sub-band spectrum can be control by using the suitable narrow

Gaussian monocycle in a time domain.

Hanning Shaped Pulse
0.5 ns null-to-null
4 GHz "carrier”

10 4B BW
4.6 6Hz

4 6Hz

Mormalized Power
Spectral Density

Fig.3.3.2 UWB pulse waveform: Hanning window RF carrier [Roy04]

The pulse of Fig.3.3.2 is generated by modulating an RF carrier at the desired center

frequency f, with a Hanning window. The RF carrier can control the center frequency.
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Combing the results of Fig.3.3.1 and Fig.3.3.2, the Gaussian pulse can be used to
control the shape and bandwidth of each sub-band spectrum for the multi-band UWB,

and the RF carrier can be used to control the center frequency of the sub-band [Roy04].

3.3.2 The pulse generation method

The shape of a UWB pulse should be designed to have low side-lobes and the
transmitted power must satisfy the FCC regulation. For indoor UWB communication
systems, the maximum effective isotropic radiated power (EIRP) is restricted to -

41.3dBm/MHz over the frequency range from 3.1 GHz to 10.6 GHz [Kim03].

Based on the discussion in the last section, the first attention of this section is directed
to the approximated shape of the Gaussian pulse in the CMOS process. The Gaussian
pulse approximated by the realizable CR-(RC)" quasi-Gaussian filter of equation(3.7)

in [Fairstein90] will be adopted in our design.

3.3.3 Gaussian shaping filter
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Fig. 3.3.3 The low-pass section of the (RC)™" filter

The (RC)™! filter shown in Fig.3.3.3 has the transfer function given by

1 (3.8)

D Gerey

where n+1 is the number of the RC sections and w = 27f .

Its step response is given by

1 ()" —(t/RC)
t [ A
YO ke (3.9)
=K-[t"/nlle”

where K = e "9 /(RC)"" is constant. Equation (3.9) is similar to (3.7), so the pulse

Gaussian pulse can be approximated by a realizable (RC)™"" filter. This principle can

be used to design the proposed Gaussian Shaping Filter shown as Fig.3.3.4.
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Fig. 3.3.4 The proposed Gaussian Shaping Filter

Table 3.1 The design parameters for the proposed Gaussian Shaping Filter

(The size of CMOS is in um and that of capacitor is in fF.)

(W/L)un: | 12/0.18 | (W/L) yn2 | 9/0.18 (W/L) uns | 8 /0.18

(W/L) yp1 | 4/0.18 (W/L) yp2 | 9/0.18 (W/L) yp3 | 12/0.18

(W/L) ung | 3/0.18 (W/L) yns | 3/0.18

(W/L) ypg | 10/0.18 | (W/L) yps | 10/0.18

C1 200 2 750 C3 500

C4 800 (08) 1500

The proposed Gaussian shaping filter is used to approximate a Gaussian pulse and to
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smooth the sharp edge of the clock pulse. A CMOS transistor can be modeled as a
switch with infinite off-resistance and finite on-resistance. The on-resistance and the
capacitance of transistor determine the transient behavior of an inverter. The additional
capacitors of the transistor drains reduce the slope of the rising edge and falling edge of
the clock (rectangular) pulse further. The design parameters used in implementing the
Gaussian Shaping Filter circuit are summarized in Table 3.1. The clock input pulse is

the rectangular pulse x (t),
x(t)=A-rect(2t/T)) (3.10)

where Ais the amplitude and 7, /2is the width of the rectangular pulse. Its frequency

response is given by

AL, -sinc(a)—T"j (3.11)
2 4

The frequency response of the output is,

X () =

AT, -sinc(aT, /4)

V(@)= X (@) Hio) = Em R

(3.12)

Equation (3.12) shows that in the frequency domain, the output of the Gaussian shaping

filter has very small side-lobes with the increasing number n.

The Power Spectral Density (PSD)

The PSD shows how the power of the periodic signal is distributed among the various

frequency components. The power p, of a real signal g() is given as [Lathi98],
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p, =lim=[" | ) di
& TowT -T2 (3.13)

The power p, is the signal energy averaged over the infinite time interval. A periodic

signal has infinite energy and a finite average power. If g, () is an truncated signal as

long as T is finite, then from Parseval’s theorem [Lathi98],

. |
p, = hm—[g [ 16 (@F da)} (3.14)

where G, () is the Fourier transform of g, (¢) If the order of the limiting process and

integration are interchanged, then

_ 1= [G(o)f
Py =5 im———do (3.15)
The power spectral density (PSD) S, (@) is defined as [Lathi98],
S, (w)= limM (3.16)
8 T—o T .

For a periodical rectangular function, g, () = rect(2t/7T,), the power spectral density
of the pulse train is shown as below,

2
\ (a))=—|GT(a))| :Qsinc2 ol
s T 4 4

b

(3.17)

where G, (w) and T, are the Fourier transform and the repetition period of the signal,

respectively.
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If g(t) and y(¢) are the input and output signals of an Linear Time Invariant (LTI)

system with transfer function H (@) , then,
_ 2
S, (@) 4 H@)] S, (@) (3.18)

For the modulated signal ¢(7) = y() cos @, , then the PSD S (@) of the modulated

signal ¢(t)is given by [Lathi98],

S(p(a)):l[Sy(a)+a)0)+Sy(w—a)0)]

4 (3.19)

Thus, modulation shifts the PSD of y(#) by ta,.

Equation (3.12) shows that in the frequency domain, the side-lobe of the spectrum will

be reduced by increasing f and n. As the Gaussian pulse has reduced side lobs, it is a

good candidate for pulse base UWB systems.

According to (3.17), the PSD of x(¢) is shown below,

2 2
S(C())=|X(a))| =A]—:;_Sinc2 C{)T;
s T 4 4

o

(3.20)

where 7 is the repetition period of the signal. The step response of x(t) is shown in

(3.11). For an LTI system with transfer function H(w), its PSD is

A’T sinc* (T, /4)
n+l
4-|:1+(0)RC)2:| (3.21)

S, (@)=
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The smaller 7, means the repetition rate will be higher and the PSD will be higher also.

3.4VCO

For multi-band system, the frequency of each band will be spaced across the spectrum
to effectively fill the specified spectrum. The center frequency selection is
accomplished by using a VCO to shift the required UWB pulse to the desired frequency

band.

As the tuning range of an LC VCO is usually limited, to extend the tuning range, either
the switched capacitors [Min05] or switched inductors can be used [Li04]. The
capacitor switching solution suffers from the large switches needed to minimize the
effect on the Q factor of the coil. It further more decrease the tank-inductance to the
values necessary for the specified lowest center frequency leading to higher power
consumption and phase noise [Tiebout06]. The size of the inductor is much larger than
the capacitor. If several switching inductors are used [Herzel00], the size of VCO will
become unfavourable. For the limit given by the tuning range specifications, the tank
inductance is usually maximized and the varactor is minimized in the low power low

phase noise VCO.
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Fig.3.4.1 VCO

Fig.3.4.1 shows a typical cross-coupled complementary LC oscillator. A PMOS
transistor has lower flicker noise than an NMOS counterpart, so a p-tail np-core
structure is often used in LC VCO. The np-core structure has lower phase noise than
that of n-core or p-core structure because of the symmetry between rise time and fall
time of the oscillation waveform [Hajimiri99]. In this design, the np-core (NMOS:
60um/0.18um and PMOS: 30um/0.18um) is also used. VB controls the current
consumption of the LC VCO through M1 (30um/0.18um) and optimizes the noise
versus power performance. The differential inductor L (3.23nH) and the MOS varactors
form the LC tank. Fig.3.4.2 (a) shows the symmetric spiral inductor model with

identical RC loading on both terminals used as a part of the tank model [Toumazou02].
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In the inversion mode, the gate channel capacitor of the standard MOS transistor is a

MOS varactor [Toumazou02]. This varactor can be modeled with a capacitor C, in

series with a resistor R as in Fig.3.7.1 (b).

Cﬁ
]
|

L R,

— AV
5 C
.  onseas
R, Ry

Fig.3.4.2 (a) Symmetric spiral inductor model

MOS waractor

Fig.3.4.2 (b) MOS varactor

For this design, the resonant frequency of the LC tank is 4GHz. The carrier frequency
can be changed by controlling Vc. There may be some difference of the frequencies
between the simulated result and the measured results, so the varactors could be used to

do the fine tuning in the measurement also.
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3.5 Proposed modulators
3.5.1 PAM modulator

Fig.3.5.1 shows the PAM Modulation scheme. Q is the synchronized data input. P is
the output of the Gaussian Shaping Filter. P is modulated by the synchronized data to
produce the impulse train S. S is the modulated signal for PAM. C (1pF) and R (1.5kQ)
are used to filter the dc value of the output LO of the VCO, yielding the signal lo. The

switch facilitates the modulation of the carrier by the pulse train S.

From Fig.3.5.1, P is transferred to S when Q is high, but it is isolated and S is grounded
when Q is low. So P is modulated by Q to form S. M2 (5um/0.18pum) is used to reduce
the noise when M1 (5um/0.18um) is turned off. The signal LO shifts the pulses of S
into the desired frequency. CL (1pF) and the antenna load RL (50€2) form a high pass
filter. For this modulation scheme, the pulses are only produced at the output only

when Q = 1.

In Fig.3.5.1, S(w) will be shifted to the desired frequency @, and pass through a high
pass filter C, and R, . According (3.19) and (3.21), the PSD of the output is shown
below,

A’T sinc’[(w+®,)T, /4]
16-[1+(@+w,)RC)* |

$(w) = (3.22)
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Fig.3.5.1 Modulation scheme for PAM
3.5.2 PAM/PPM modulator

Fig.3.5.2 shows the arrangement for two selectable modulation schemes, PAM and
PPM. P1 and P2 are the outputs of the Gaussian shaping filter. The details of the
Gaussian shaping filter are shown in section 3.3.3. They have the same pulse shape, but
different positions in the time domain. S1 and S2 are the modulated signals for PAM
and PPM by controlling Vcl. Mp (5pum/0.18um) and Mn (S5um/0.18um) consist of the
transmission gate logic to control the pulse train P2. In Fig.3.10, C (1pF) and R (1.5kQ)
are used to filter the dc values of the two outputs LO+ and LO- of the VCO, yielding
lo+ and lo-. The switches facilitate the modulation of the carrier by the pulse trains S1

and S2.
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PAM

In Fig.3.5.2, when Vcl is high, the Gaussian pulse trains P2 cannot be transferred to
P3, and there is no output pulses at S2. The synchronized data input Q is either high or
low. P1 is transferred to S1 when Q is high, but it is isolated and S1 is grounded when
Q is low. So P1 is modulated by Q to form SI. M2 (3um/0.18um) and M5
(Bum/0.18um)  are used to reduce the noise when M1 (Sum/0.18um) and M4
(5pm/0.18um)  are turned off. In Fig.3.5.3, lo+ shifts the pulses of S1 into the desired
frequency. C1 (1pF), C2 (1pF) and the antenna load (50 Q) form a high pass filter. For

this modulation scheme, the pulses are only produced at the output only when Q = 1.

PPM

In Fig.3.5.2, when Vcl is low, the pulse train P2 is transferred to P3. Q is used to select
either P1 or P2. The pulses in P1 have the different positions from those in P2. When Q
is high, P1 passes through M1 to reach S1. Then lo+ shifts the pulse of S1 to the
desired frequency in Fig.3.5.3. When Q is low, P2 passes through M4 to reach S2.
After modulating, the different position pulses are shifted by lo- to the desired
frequency. For this modulation scheme, the pulse positions are different for pulses “1”

and “0”

3.6 Simulation and measurement results

3.6.1 Simulation and measurement results for the PAM transmitter
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Simulation results:

This design was implemented using the Chartered 0.18-um RF CMOS baseline
technology with 1.8V power supply and simulated in the Cadence environment using
Spectre RF simulator. The sizes of the devices shown in this chapter are used for the

PAM transmitter.

In Fig.3.4.1, Vc, VB and Vdd are the control voltage of the varactors in VCO, the
biasing voltage and the supply voltage respectively. Vpp is the peak-to-peak voltage of
the output pulse. PSD and BW are the Power Spectral Density and the bandwidth of
the pulse in frequency domain. The current consumption of the VCO can be controlled
by VB as shown in Fig.3.4.1. The supply current is reduced by increasing VB but this
will also reduce the VCO output amplitude Vpp and the final carrier amplitude. For the
output of the transmitter, the width of each pulse is around 5ns at the carrier frequency
of 4GHz. The EIRP emission power level is -41.3 dBm/MHz. The approximated
Gaussian pulse produced by the shaping filter is shown in Fig.3.6.1 (a). The amplitude
of the pulse is 1V. Fig.3.6.1 (b) shows the approximated Gaussian output pulse
waveform imposed on a 4 GHz carrier. The Peak-to-Peak voltage of the pulse is about
48mV. The pulse width is approximate 5ns, and the -10dB bandwidth of the pulse in
Fig.3.6.1 (b) is 513MHz. In Fig.3.6.1 (b), T1 is 1.5ns, which is the pulse width at
0.707A (A is the amplitude of the pulse), and 72 is the pulse duration at 0.5A, which is

2.5ns. The pulse is only transmitted when the data input is “1”” as shown in Fig.3.11(c).

VB controls the drain currents of the VCO. The lower VB is, the larger the output

swing of VCO and the output pulse of the transmitter are. The power consumption
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would increase once Vdd increases and/or VB decreases. The frequency range of VCO
is from 3.5GHz to 4.5GHz according to change the bias voltage of the varactors. The
center frequency of the transmitter output pulse is set by the control voltage of the
VCO. The transmitter chain would not be much affected by the temperature. The pulse
shape does not change during the temperature variation. The amplitude of the output
pulses increases when the temperature increases and decreases vice versa. The peak-to-
peak voltage is between 44mV and 60mV for a variation of temperature from -20
Celsius to 125 Celsius. The center frequency of the pulse changes slightly according to
the temperature. The center frequency decreases slightly for lower temperature and

increases for higher temperature.

For the carrier frequency of 4-GHz, the power consumption of the transmitter is
1.69mW under the simulated environment. By changing the carrier frequency, the

transmitter can be used for multi-channel UWB communication.

For the simulation of the corner of the whole transmitter chain, the worst case happens
for FS (slow NMOS fast PMOS). Under room temperature, the peak-to-peak voltage of
the output pulse is 17.3mV and the pulse width is 3ns when power supply Vdd is 1.8V
and bias voltage VB is 1.02V. The power consumption is 0.99mW and the center

frequency is 4.08GHz in this case.
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Fig.3.6.1 (b) Transmitted Gaussian pulse with a 4GHz carrier (simulation)
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Fig.3.6.1 (c) Input and output of pulse trains (simulation)

The layout of the transmitter die is shown in Fig.3.6.2. The dimensions are
0.7mmx0.78mm including the pads, but the core area of the layout is only 0.2mm’.
The total area including the pads is 0.546 mm®. The prototype circuit was fabricated in

a 0.18um CMOS technology. A die photograph of the transmitter is shown in Fig.3.6.3.
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Fig.3.6.2 Layout of the transmitter
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Fig.3.6.3 Die photograph of the transmitter
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Measurement results:

Fig.3.6.4 The clock input used in the measurement

The waveform of the clock input is shown in Fig.3.6.4, which is not perfectly square.
That leads some noise between the pulses. The clock input signal is generated from the
Data Generator (DG2040). For this input, its frequency is 40.5MHz. Its period is 24.7ns

and pulse width is 15.24ns. Vmax is 1.8V and Vmin is OV for the input.

The time-domain pulse and output spectrum were measured using a LeCroy Wave
Master 8600A oscilloscope. There were no external filters at the transmitter output. The
internal impedance of the measurement equipment is equal to a 50 Q load impedance

of the transmitter, as shown in Fig.3.5.1.

The proposed transmitter outputs the UWB pulses at the repetition frequency of 40.5

MHz as shown in Fig.3.6.5 (a). The corresponding output spectrums are shown in
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Fig.3.6.5 (b). The proposed transmitter consumes a small power of 1.97mW with a 50
Q load impedance driven. The pulse width is about 5ns. A maximum output voltage of
37.8 mV peak-to-peak across a 50 Q load is measured. Fig.3.6.5 (b) shows the
measured frequency-domain spectrum. The measured center frequency is about 4GHz
and the —10 dB bandwidth of the pulse is more than 500MHz. The variation range is
+10% for the 7 dies measured. The measured pulse in Fig.3.6.5 (a) is also processed by
matlab, and it fits the FCC mask shown in Fig.3.6.5 (c). The side lobe of the spectrum
is small as expected for the Gaussian pulse. The major power consumption of the
transmitter is from the VCO. The total power will be reduced accordingly when the
power of the VCO is reduced. VB controls the current of the VCO. The power
consumption of the transmitter can be reduced as low as 1.08mW and PSD is -

52.7dBm/MHz at 4GHz.
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Fig.3.6.5 (b) Measured frequency-domain spectrum in LeCroy
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(Center frequency: 4GHz; x-axis: S00MHz/div; y-axis: 5dB/div)
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Fig.3.6.5 (c) Power spectrum Density measured by matlab

Table 3.2 gives a summary of the performance of this design along with the
performance of other reported PAM UWB transmitters. The power consumption of our
proposed transmitter is much smaller than that of transmitters in [Zheng05], [Chi07]
and [Zhang09]. For the proposed transmitter, the chip size including pads is 0.546
mm®, and the active area is 0.2 mm®. The silicon area of the proposed design is the
smallest compared with other reported transmitters for the same modulation scheme in
Table 3.2. The energy efficiency of the proposed PAM transmitter is 49 pJ/pulse. This
is slightly lower than the energy efficiency of the transmitter in [Zhu09]. However, the
silicon area of the proposed design including pads is 30% of that reported in [Zhu09],

and the active area of the proposed design is 59% of that in [Zhu09].
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Table 3.2. Performance of the PAM Transmitter

This work | [Zheng05] [Chi07] [Zhu09] [Zhang09]

Tech. 0.18um 0.18um 0.25pum 0.18pum 0.09pum
CMOS CMOS CMOS CMOS CMOS
Status Measured | Measured | Measured | Measured Measured
Max Vpp 1.8V 1.8V 2.5V 1.8V 1.25V
Modulation PAM PAM PAM PAM PAM
Pulse repetition 40.5MHz 50MHz 1MHz variable 100MHz
Freq. (PRF)
P. cons 1.97mW 12.6mW 14mW ~ ~
Energy efficiency | 49pl/pulse | 252pl/pulse | 14nl/pulse | S0pJ/pulse | 1.25nJ/pulse
Area 0.546 mm” | 0.857 mm’ 3.6 mm’ 1.84 mm’ ~
Pulse length 5ns 2ns ~ 800ps Sns
Active die area 0.2 mm” ~ ~ 0.34 mm” 0.49 mm”
Pulse bandwidth | ~500MHz 2 GHz ~ 5GHz, >500MHz
6GHz
Frequency band 3.1-5GHz | 3.1-5GHz | 24GHz | 0.5-5GHz. | 3.1-9.5 GHz
3-9 GHz

3.6.2 Simulation and measured results for the PAM/PPM transmitter

Simulation results:

This design of the PAM/PPM transmitter was subsequently implemented using the

Chartered 0.18-pm RF CMOS IC process technology with 1.8V power supply and
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simulated in the Cadence environment using Spectre RF simulator. All the designs
were migrated from the baseline process to the IC process (due to the up-grade of the
technology offered by the foundry) hence some sizes of the parameters were modified
accordingly. In the design process, the proposed Gaussian shaping filter was also used
to shape the pulses into the approximated Gaussian pulses. Fig.3.6.6 shows the single
output pulse waveform and it has the approximated Gaussian pulse shape. The Peak-to-
Peak voltage of one single pulse is about 49mV. In Fig.3.6.6, T is 1.6ns, which is the
3dB pulse width. And 72 is the 6dB pulse, which is 2.1ns. Because of the changes of
the Chartered 0.18-um RF CMOS technologies, the shape of Fig.3.6.6 is slightly
different from that of Fig.3.6.1. The result of PAM is shown in Fig.3.6.7. The pulse is
only transmitted when the data input is “1”. Fig.3.6.8 shows two approximated
Gaussian pulse trains. These two trains are used to produce pulses of different positions
for data bit “1” and data bit “0” respectively in the time domain. Fig.3.6.9 shows the
transmitted pulses of different positions according to PPM for the same data string used
in the PAM. For the operation at the 4-GHz center frequency, the max power spectra

density of the output pulse is -41.3dBm/MHz as permitted by the FCC limit.

This transmitter operates with 2 selectable types of modulations and a variable PRF
(pulse repetition rate) up to S2MHz. Pulses are up-converted to channels of S20MHz
bandwidth. The carrier frequency can be tuned from 3.5 GHz 4.5 GHz for the VCO.
For all simulations, the average power (including VCO) is less than 1.7mW for the

1.8V supply. The layout of this transmitter is shown in Fig.3.6.10.

94



Fig. 3.6.6 One of the output pulses of the transmitter (simulation)
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Fig.3.6.7 Input data (above) and the simulated output pulse waveform of the transmitter

for PAM (below)
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Fig.3.6.8 The approximate simulated Gaussian pulse wave forms for data “0” and data

“1”
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Fig.3.6.9 Input data (above) and the simulated output pulse waveform of the transmitter

for PPM (below)
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Fig.3.6.10 The layout of the transmitter

Measurement results:

The PAM/PPM transmitter was fabricated using the Chartered 0.18-um RF CMOS
technology. On wafer measurements were carried out and the transmitter functioned as
designed in both the PAM and PPM modes. The modulation schemes PAM and PPM
can be selected by the switches as in Fig.3.6.10. Fig.3.6.11 shows the die photograph of
the transmitter. The core layout size is only 0.35 mm?. The PPM and the PAM pulse
trains are shown in Fig.3.6.12 (a) and (b) respectively. The carrier frequency of the
pulse is 4.38GHz. This transmitter can be tuned to other channel/band frequencies by
changing the frequency of the VCO. The carrier frequency can be tuned from 3.5 GHz
to 4.5 GHz. The pulse width is 4.5ns and the Vpp is 23.2mV. The single pulse is shown

in Fig.3.6.13. The peak of the PSD is less than -41.3dBm/MHz and the -10dB
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bandwidth is more than S00MHz. The pulse repetition rate is 52MHz and the average

power of the whole transmitter is 1.9mW.

Fig.3.6.11 The die photograph
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Fig.3.6.12 (b) The measured pulse train of the PAM
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Fig.3.6.13 The measured single pulse of the pulse train

Table 3.3. Performance of the UWB PAM/PPM Transmitter

This work | [Ryckaert05] | [Zheng07] | [Demirkan08] [Zhu09]
Tech. 0.18pum 0.18pum 0.18um 0.09um 0.18um

CMOS CMOS CMOS CMOS CMOS
Status Measured | Measured Measured | Measured Measured
Max Vpp 1.8V 1.8V 1.8V 1.0V 1.8V
Modulation PAM/PPM | PPM PPM BPSK+PPM PAM
PRF 52MHz 40MHz 400M 1.8GHz variable
P. cons 1.9mW 2mW 76mW 227TmW ~
Energy efficiency | 37pJ/pulse | 50pJ/pulse 190pJ/pulse | 126pJ/pulse 50pJ/pulse
Pulse length 4.5ns 1.1ns- 4.5ns ~ 530ps 800ps
Die Area 0.69 mm’ ~ 442 mm” | 2.83 mm’ 1.84 mm’
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Pulse bandwidth >500MHz 528MHz, 2GHz 7.5 GHz 5GHz,

2GHz 6GHz

Frequency band 3.1-5 GHz | 3.1-5 GHz 3.1-5 GHz, | 3.1-10 GHz 0.5-5 GHz,

7-9 GHz 3-9 GHz

Table 3.3 gives a summary of the performance of this design along with the
performance of other reported PPM or PAM UWB transmitters. The power
consumption of proposed PAM/PPM transmitter is much smaller than that of other
transmitters reported in Table 3.3. For the proposed transmitter, the chip size including
pads is 0.65 mm?, and the active area is 0.35 mm”. The silicon area of the proposed
design is the smallest compared with other reported transmitters for the same
modulation scheme in Table 3.3. The energy efficiency of the proposed PAM/PPM
transmitter is 37 pJ/pulse. This is lower than the energy efficiency of the transmitter

published in other reference in Table 3.3.

3.7 Conclusion

In this chapter, two proposed transmitters are described, a PAM UWB Transmitter and
a PAM/PPM UWB Transmitter. These two transmitters can be used for the multi-
band UWB transceiver. Although only one frequency is shown here, other channel
frequencies can be also used by tuning the VCO to a different frequency. A new
proposed Gaussian pulse filter is used in these two transmitters. That consumes very

small power consumption and can obtain the approximated Gaussian pulses. The
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simple modulation schemes are also used in these two transmitters. The simulations
and measurements of the transmitters have been done. The measured power
consumption is less than 2mW power for both transmitters. The energy efficiencies
are 49pJ/pulse and 37pJ/pulse for the PAM transmitter and the PAM/PPM transmitter.
The core area of PAM transmitter is only 0.2mm” while the active area of the

PAM/PPM transmitter is 0.35 mm?>.
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Chapter 4

Analysis and design of impulse radio receiver

4.1 Receiver architectures

The UWB radio benefits from existing wireless techniques and standards, such as
modulation schemes, multiple-access techniques, and transmitter/receiver architectures
can be adapted for UWB [Bevilacqua04]. This Chapter presents the design and

analysis of an impulse radio UWB receiver.

An RF front-end receiver picks up the modulated RF signal with its antenna. After
amplified by the Low Noise Amplifier (LNA), the RF signal must be down-converted
to an IF or baseband signal. Many receivers were designed based on the direct-
conversion architecture [Asad07], [Gustafsson07], [Zhan07], [Song07] and
[Ryynanen06]. It offers many advantages over the conventional heterodyne receiver
such as smaller size, lower cost, and reduced power consumption [Zahra06]. Many
publications [Shi06], [Kaukovuori07], [Lou06], [Cusmai06] and [Fred06], however,
only showed the frond-end of the receivers without explanation how the down
converted signal could be demodulated. In this chapter, the proposed impulse radio

receiver will be described.

104



Correlator

0

9ﬂ_®m é DSP

BN v

—>—{wr -
VGA :

Quadrature .
Mixer g Demodulator

Fig.4.1.1 Block diagram of a UWB receiver [Bevilacqua04]

A UWB receiver, as in Fig. 4.1.1 [Bevilacqua04], shows an LNA followed by the
quadrature mixers that remove the carrier from the received radio frequency (RF)
signal. The analog-to-digital conversion will then allow for the digital signal processing
and recovering of the information data. Analog to digital converters which are capable
of operating at several Giga samples per second (GSPS) are assumed available
[Pekau05], [Raul05], [Mike07]. This ultra high speed ADC [Y003] may consume a few
hundreds of milliamperes which make this approach unfavorable for UWB receiver. In
this chapter, the proposed receiver uses a simple architecture to achieve the low power

consumption requirement.
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4.2 Partition of the UWB band
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Fig.4.2.1 FCC mask with U-NII

The U-NII (Unlicensed National Information Infrastructure) band (5.15-5.825 GHz)
overlaps with the UWB spectrum as shown in Fig.4.2.1 [Haroun06]. To mitigate this
interference problem, the UWB band is usually divided into two parts: the lower band

(3~5 GHz) and higher band (6-10.6GHz).

PAM, PPM and OOK are three most popular modulation schemes for the UWB
system. As described in Chapter 2, it is more difficult to implement the UWB BPSK
demodulation with analog circuits. BPSK demodulations can be done by using the
Costas loop digital circuits as in [Luo07]. This design employs a Phase Frequency
Detector based Phase Locked Loop, which allows for low power consumption and high
tracking and locking range. The demodulator is implemented at 13.5MHz and has very
low power consumption. This technique is, however, more suitable for narrow band

signals and has not been used for UWB signals at high data rate modulation.
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[ZhengY07] shows the implementation of a coherent BPSK demodulator using analog
circuits, however, the technique has not been shown for pulse-based UWB receivers.
The power consumption of this design is 151mW. Due to the complexity of
implementing the UWB BPSK demodulation, high power consumption is expected.
Thus in this project the PAM and PPM demodulation schemes are chosen for the

receiver as they have been chosen for the transmitter.

4.3 The proposed architecture

4.3.1 Description of the circuit

” L LPF | Buffer| | Fulwavel
—> — L »{ Rectifier

X
0° ‘ 180° '

90‘i 270°

_ ) Y- yIFullwave |
LPF _.Buffer—Y> Rectifier
+

Fig.4.3.1 The UWB receiver

The proposed receiver architecture is shown in the Fig. 4.3.1. This Direct Conversion
Receiver (DCR) and architecture is simple, fully integrated and suitable for multi-band

applications. This receiver was implemented for the lower UWB band. A wideband
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LNA operating from 3GHz to 5GHz was designed to amplifier the received radio
frequency signal before the down conversion. This variable gain LNA has an input
impedance of 50 Q. The passive mixers will mix the signal from the LNA and the
VCO, and down-convert the radio frequency signal to the base band signal. The zero
power consumption of the passive mixer will cause some to the down converted UWB
signal but at the benefit of low flicker noise. The quadrature down conversion
combined with the full wave rectification removes the synchronization requirements of
the VCO and the UWB pulses. There are the new key features of this UWB receiver.

The details of the building blocks of the receiver will be described below.

4.3.2 Proposed LNA

The LNA basics were covered in the section 2.3.2 of Chapter 2. There are two most
popular LNA architectures that are used in the receiver often. They are the common
source LNA (CSLNA) and common gate LNA (CGLNA). The noise figure of these

two LNA are shown [Chen06],
2 o
Fesina :1+__\/75(1_|C|2) 4.1)
\/g @y
1
FCGLNA =1+ L (4.2)

In general, because @, of CMOS process is much higher than the operating

frequency w, the CSLNA has a better noise performance than that of the CGLNA. The
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CSLNA also produce a high gain. The CSLNA is considered as a better choice for the

high gain and low noise performance LNA.

There are some criteria for the LNA design. They are responsible for providing the
signal amplification while not degrading the signal-to-noise ratio (SNR) and linearity.
Its noise figure sets a lower bound for the noise figure of the entire system. The first
requirement is to provide a stable 50 Q input impedance to terminate an unknown
length of transmission line which delivers signal from the antenna to the amplifier. The
input matching network also assists in the noise optimization and filter out the
interferers. The LNA must ideally have a flat gain over the entire bandwidth of the
UWRB receiver. It should also have a low noise figure and low power consumption. The
next requirement is the gain of the LNA. The LNA should amplifier the radio signal to
a desired amplitude that is not too much to affect the linearity or too small to affect the
receiver noise figure. The variable gain LNA can solve this problem and optimize the

receiver performance.
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Fig.4.3.2 The proposed LNA

For the proposed CS LNA shown in Fig.4.3.2, the gain can be adjusted and has low NF
and power consumption. Fig.4.3.2. shows the variable gain LNA with three stages. It
does not use the source inductive degeneration input architecture; its input has been
modified. For the source inductive degeneration architecture shown in Fig.2.3.5, L will
create a 50 Q term in the input matching. The degeneration inductor will degrade the

LNA’s gain [Mou05] and increase the chip area. The input impedance of this LNA can

be described [Mou05] by (4.3),

Z, :{ja)L2 —J ! }+(R1 +R, +R,) 4.3)
oC

gs
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where R is the parasitic resistance of inductor Z, , R, is the channel charging
resistance[Manku99], and R, is the sum of the intrinsic and extrinsic gate resistance.

C,, 1s the gate-source capacitor of M1. Consequently, it can be seen (R +R, +R,)

leads to the real part of the input impedance of LNA. To match the 50 Q at the input of

the receiver, then (R, + R, + R;) should be closed to 50 QO to make SI1 less than -10

dB[Leroux02], [Ismail04]. Adding an parallel resonator Z, (2nH) and C, (0.4pF)
performs wideband band pass filter which gives flat response to the LNA
[Ismail04].The gain of LNA can be tuned by using the bias voltage in Fig.4.3.2. The
current of of M1 (200pum/0.18um), M3 (200um/0.18um) and M5 (200um/0.18um) and

the overall gain of the LNA are controlled by the bias voltage.

In Fig.4.3.2, the architecture of the second stage is the same as the architecture of the
second stage LNA in [Chen07]. The transfer function of the second stage can be

described as [Chen07],

Ry|s| —|+1
V3 R,
P g m3 x (g ma r()4 ’ r(13 ) // 5 (44)
V2 s°L,Cp, + sR,Cp, +1

The transfer function of third stage and first stage can be shown in (4.5) and (4.8)

\% R
our  _ X . . // 5 45
V3 ng |:(gm6 roé roS) (SRSCDé + le| ( )
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= =g, X| (g Ty T | (4.8)
Vin V1 Vin zZ, SR,C,, +1

The first and third stages were designed to have the high gain at low frequencies, and
the second stage has a high gain at high frequencies. The size of M1 is designed for
proper input matching. R,(300€2) determines the gain of the first stage. R, is a large
resistor, so the output impedance of the first stage is high to ensure the enough gain for
the low frequency. The second stage is a simple cascade common source stage, which
provides the high frequency gain. The cascade transistor M4 is used for better isolation,
high frequency response, and higher gain. A series peaking inductor L, (2ns) is

resonant with the total parasitic capacitance at the drain of M4 (100um/0.18um) and C3

(20pF).
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4.3.3 Passive mixer in the receiver

Cx

%j 5
L o
Lg

Fig.4.3.3 The passive mixer [Nguyen06]

The basics of mixers are described in section 2.3.2. A passive mixer dissipates no dc
current; therefore, the total power consumption of the receiver can be reduced. The
quadrature passive mixer is used here, because it has low power and high linearity. In
Fig.4.3.3, the output Va of the LNA is connected to one of RF terminals of the passive
mixer, while the other RF terminal of the mixer is connected to ac ground through the
bypass capacitor Cx (5 pF). The dc vaule of the other RF terminal of the mixer is 0 V.
Normally, NMOS transistors have a better switching performance than PMOS
transistors because the mobility of electrons is higher than holes [Tsividis87].

Therefore, NMOS transistor is chosen in this design.
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During the operation of passive mixer, the transistors act as switches to down-converter
the frequency of the signal. In this switching process, the transistors’ on resistance
plays an important role on contributing to the Noise Figure. In order to turn on and off

the transistor, the gate voltage can be described as below [Nguyen06],

Vo =Veu +Viy (4.9)

where the source and drain terminals are biased at V., and V,, is the threshold

voltage of transistors. The higher aspect ratio of the transistors leads to the better noise

performance. In contrast, the small aspect ratio and zero drain-source voltage (V,,, ) of

transistors in the passive mixer core can improve the LO-to-RF isolation [Tan03]. Here
all NMOS transistors have the same size, Spum/0.18um which is useful to decrease the

current biasing of LO and to maintain the gain of the LNA. V,, is very small and can

be negligible, so the gate voltage is quite close to the threshold voltage. To keep the NF
of the receiver low, the gain of the LNA must be reasonably high. Thus, smaller aspect
ratio transistors are used to give high load impedance to the LNA, and the size of the
transistors is optimized against the NF of receiver. In contrast, the aspect ratio of the

transistors is as large as 130um/0.18pum in [Nguyen06].

With the absence of dc current in the passive mixer, the 1/f noise contribution from the
mixer will be negligible [Lee98]. For the quadrature down-conversion, both I and Q
mixer are connected to the same input node and overlap in the switching waveforms of
the two mixers must be avoided [Cook06]. The noise performance is dominated by the
on-resistances of the switches. The noise factor for a quadrature passive mixer is shown

in [Cook06],
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where quantity D is the conduction duty cycle, thus D can assume values from 0 to 1.

R, and Ry, are the source resistor of the mixer’s input and the resistor of the switch.

The conversion gain and noise figure of the passive mixer can be improved by applying
high LO amplitude [Nguyen06]. The dc voltage of LO is closed to the threshold
voltage, therefore, there is no additional dc bias added to the gates of the transistors of

the mixer. The LO signal characteristics will be discussed below.

4.3.4 S-QVCO in the receiver

The fundamental of the VCO is described in section 2.3.2. The accurate quadrature
local oscillator (LO) signal is a key element in modern wireless transceivers, especially
for direct conversion transceivers which is proliferating in a wide range of RF
communication systems [Jeong05]. The quadrature VCO can be obtained by dividing
the output of an oscillator at twice the desired frequency [Ravi02]. In [Ravi02], its
quadrature oscillator consists of one master oscillator and two slave oscillators. The
higher oscillation frequency and frequency division circuitry will cause increased
power consumption. In this paper, the frequency of the master oscillator is 10GHz and
this frequency is divided to SGHz by using two slave oscillators. This oscillator core

draws 14mA from a 1.6V supply. The tuning range is 0.8 GHz.
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In [Zhou07] and [Jeong05], additional coupling transistors in parallel with the tank of
two differential oscillators generate the quadratue structure of VCO called P-QVCO. P-
QVCO is also called the conventional LC-QVCO [Kim04]. Alternative QVCO designs
have been reported to improve the phase noise and power dissipation performance is

the Series Quadrature VCO (S-QVCO).

The S-QVCO consists of two cross-coupled differential LC-tanks VCO similar to the
P-QVCO with the coupling transistors placed in series with the switching transistors
instead. The S-QVCO has a better phase noise performance as compared to that of the
P-QVCO [Andreani02]. In [Fard05], a modified topology S-QVCO reported that
enables the usage of only two non center-tapped inductors. The tuning range is as wide
as 2GHz (3.6~5.6 GHz) for the S-QVCO in [Fard05]. Other significant advantages of
the S-QVCO are the large oscillation amplitude and the low power consumption. Fig.
4.3.4 shows the architecture of this S-QVCO, which can consume 2.7mW for the 2.4
GHz ISM band [Krishna07]. Due to the low power consumption and other two
advantages, the S-QVCO is used for Quadrature signal generation and connected with

the passive mixer shown in Fig. 4.3.3.
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Fig.4.3.4 Schematic of S-QVCO [Krishna07]
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Fig.4.3.5 Schematic of the proposed S-QVCO

Table 4.1 New design parameters for the Modified S-QVCO in pm

(W/L) pi-m3 | 30/0.18 | (W/L) py-ms | 40/ 0.18 | (W/L) ps-m7 | 32/ 0.18
(W/L) (W/L) (W/L)

30/0.18 40/0.18 32/0.18
M8-M10 M11-M12 M13~M14

For this receiver, the required frequency is 4GHz. As the PMOS transistor has lower
flicker noise than the NMOS counterpart, a p-tail np-core structure is chosen for the

proposed S-QVCO. The circuit has been modified as in Fig.4.3.5. L is 3.5nH.
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4.3.5 The LPF and the buffer

Vin

Ve

Fig.4.3.6 (a) The RC LPF; (b) the buffer after the LPF

The simple RC circuit is used as the LPF here shown in Fig.4.3.6 (a). The voltage

across the capacitor is [1/(rCs)Vin(s). The cutoff frequency of this LPF is 1/(22rC).

The buffer after the LPF is the basic differential pair. The size of M2 is the same as that

of M3 (100um/0.18um) and the size of M1 is (120um/0.18um). This buffer is offered

the sufficient input of the pulse detector shown in the next section.

4.3.6 The pulse detector

A conventional full wave rectifier requires four diodes where a pair of diodes is

responsible for the rectification of each signal polarity. Fig. 4.3.7 (a) and (b) show the

positive half cycle and negative half cycle of the bridge rectifier. For the positive half

cycle, diodes D1 and D2 conducts to deliver power to the load in series and the current
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flows is shown in Fig.4.3.7 (a) while other two diodes are reverse biased. In Fig.4.3.7

(b), diodes D1 and D2 are reverse biased and other two diodes conduct in series.
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Fig.4.3.7 (b) Negative half cycle

In a standard CMOS process, the rectifiers consist of the diode-connected MOS
transistors instead of common diodes as in Fig.4.3.8. Standard MOS diodes are usually

obtained by connecting the drain of a MOS transistor to its gate.
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X+

load

Fig.4.3.8 Full wave rectifier with CMOS diodes

After the LPF and the buffer, the four outputs (X+, X-, Y+ and Y- in Fig.4.3.1) are not
in the same polarity. Most energy detectors use the squarer and the integrator as
described in [Zhang09] and [Zheng(09], to produce the same polarity pulses in the
UWRB receiver. In this design, the full wave MOS rectifiers are chosen for the same
proposes and for simplicity Fig.4.3.8. X+ and X- are differential AC signals. The
signal will go through M1 and M2 for the positive half cycle and pass the other two
transistors for the negative cycle. Here all NMOS transistors have the same size,
Sum/0.18um. The low power full wave rectifiers are used to synchronize the polarities
of the pulses in the pulse trains (X+, X-, Y+ and Y-). This method can be used for both

the pulse amplitude demodulation and pulse position demodulation.
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4.4 Simulation and measurement results of receiver

Simulation Results of Receiver

The receiver was implemented using the Global Foundry 0.18-um RF CMOS IC
process technology with 1.8V power supply and simulated in the Cadence environment
using Spectre simulator. The input impedance of the receiver is 50 Q. The current and

power consumption are about 13mA and 23mW respectively for the whole receiver.

The simulated S21, S11 and NF of the LNA are shown in Fig.4.4.1 (a), (b) and (c). For
the minimum LNA gain of S21 = 24 dB, the dc power consumption and the NF of the
LNA are 7.1mW and below 6.4dB within 3.1-5GHz respectively (the dashed line (i)
shown in Fig.4.4.1). For the maximum LNA gain of 40 dB, the dc power consumption
and the NF of the LNA are 12.85mW and below 3.4dB within 3.1-5GHz respectively
(the dotted line (iii) shown in Fig.4.4.1). The gain, power consumption and noise figure
of the LNA is increased with the increment of bias voltage. The optimized power
consumption and NF is achieved at the bias voltage of 0.52V, when the supply current
of the LNA is 4mA with the 1.8 V supply voltage. The simulation results show an S21
above 30dB, S11 below -9.1dB and NF below 4.3dB for the frequency range from

3.1GHz to 5GHz (the solid line (ii) shown in Fig.4.4.1).

The gain is nearly unchanged between the temperature of -20 Celsius and 0 Celsius.
When the temperature increased to 125 Celsius, the gain S21 will drop by 11 dB and
the input matching S11 will be improved to -15dB. The worst case corner happens for
SS (slow NMOS slow PMOS) in the LNA. For SS, the gain is nearly dropped to 3dB

and the input matching S11 is slightly worse than the results of the typical.
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Fig.4.4.1 (a) The simulated S21 of the LNA
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Fig.4.4.1 (b) The simulated S11 of the LNA
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Fig.4.4.1 (c) The simulated NF of the LNA

The single output of the LNA connected to the passive quadrature mixers to down
convert the RF pulses to the baseband using the S-QVCO with the output amplitude 0.5
V at DC level of 0.56 V as in Fig.4.4.2 (a). At the frequency of 4 GHz, the S-QVCO
has a phase noise of -104dBc/Hz at IMHz offset V in Fig.4.4.2 (a). The frequency of
S-QVCO is tunable by controlling the two varactors in Fig.4.3.5, and the turning range
of the frequency is about 1GHz. The dc current consumption of is 1.74mA when the

control voltage of this S-QVCO is 0.95V.
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Transient Eesponse
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Fig.4.4.2 (a) The simulated transient result of S-QVCO
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Fig.4.4.2 (b) The simulated phase noise of S-QVCO
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Transient Response
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Fig.4.4.3 The simulated pulses after the buffers

Simple RC LPFs are implemented with added output buffers. The pulse shapes at the
outputs of the buffers are shown in Fig.4.4.3. A pulse is present for the data bit “1”.
Because of the arbitrary phase difference of the RF signal and the local oscillator signal
provided by the S-QVCO, the resulted pulses are not always in the same polarity as

shown in Fig.4.4.3.
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Fig. 4.4.4 The simulated input (above) and output (below) of the receiver

with the received RF pulses is detected as shown in Fig.4.4.4.

Fig.4.4.4 shows the input pulses applied to the receiver and the detected envelopes at
the combined output of the quadrature rectifiers. The input of the receiver is a Gaussian
pulse train with the data rate 26MHz. The output of the receiver is the demodulated
pulse train and its amplitude is 184mV. The receiver can detect the received pulses well
in Fig.4.4.4. The receiver achieves an average data rate 26MHz while receiving 5ns
wide UWB baseband impulses. The gain of the whole receiver reaches for 33.3dB. As
the gain of the LNA is high, the NF of the whole receiver is approximate the same as

the NF of the variable LNA and equal to 4.3dB for the simulation results. The proposed

129




receiver has a power consumption of 23.4mW, which is low compared to other state-
of-the-art UWB receivers [Zhan07], [Ranjan07], [Zheng09], and [Gao10]. Note that the
demodulators are not included in [Zheng09] and [Zhan07]. The low power performance

is one of the key points for this receiver design.

Measurement of Receiver

Input of

Output of receiver

receiver

N

|

Fig.4.4.5 Die photograph of receiver
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The die photograph of the proposed receiver is shown in Fig.4.4.5. The chip size
is1.5mmx1.5mm . The input and output of the receiver are measured by two “GSG”
pads (Gnd-Signal-Gnd pad) shown in Fig.4.4.5. The proposed receiver was
implemented in a 0.18um CMOS technology. The input source was from the signal
generator. The signal generator generated an approximated Gaussian pulse train with
data rate 260MHz and 5ns pulse width. The output was measured by LeCroy Wave

Master 8600A oscilloscope.
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Fig.4.4.6 (a) The simulated frequency tunning range of QVCO in the receiver
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Fig.4.4.6 (b) The measured frequency tunning range of QVCO in the receiver

The simulated frequency tuning range was from 3.5GHz to 4.5GHz shown in Fig.4.4.6
(a). The measured frequency tuning range was from 3.2GHz to 4.2 GHz. This range
was shifted by 0.3GHz to the lower frequency compared with the simulation result. The

measured frequency tuning range is shown in Fig.4.4.6 (b).
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Fig.4.4.7 (a) The measured input of receiver (x-axis: 20ns/div; y-axis: 3mV/div)
; (b) Measured output of the receiver (x-axis: 20ns/div; y-axis: 100mV/div)

The signals at the input and output of the receiver were measured as shown in
Fig.4.4.7. The minimum peak-to-peak voltage that the receiver can detect is 15mV
shown in Fig.4.4.7 (a). Fig.4.4.7 (b) shows the demodulated output of the receiver
whose amplitude is around 300mV. The measured voltage gain of the whole receiver is
26dB. The current of the receiver is 13mA with 1.8 V power supply. The power
consumption of the proposed receiver is 23.4mW. The performance of the receiver was
tabulated and compared with that of other receivers in Table 4.2. As show, the
proposed receiver has the lowest power consumption compared with other receivers.
Although the die area of [Ranjan(07] is very small, the power consumption of the

proposed receiver is the half power consumption in [Ranjan07]. Additionally, the gain
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of the proposed receiver is 5 dB more than that in [Ranjan07]. In [Ranjan07], only the
receiver front-end was presented without the demodulation circuit. The several
nanosecond narrow pulse train was demodulated in the proposed receiver. This receiver

can be used for both pulse amplitude modulation and pulse position modulation.

Table 4.2 Summary of measured receiver performance

This work [Ranjan07] [XielO]* [Gaol0]
Tech. 0.18um CMOS | 0.18um CMOS | 0.18um CMOS | 0.18um CMOS
Status Measured Measured Measured Measured
Max Vpp 1.8V 23V 1.8V 1.8V
Modulation | PAM/PPM MD-OFDM BPSK OOK
Gain 26dB 21dB 11dB ~
P. cons 23mW 44.9mW 52mW 62mW
NF 7dB 6dB 15.7dB ~
Bandwidth | 3-5GHz 3.1-8GHz 3.1-10.6GHz 3-5GHz
Die Area 2.25 mm’ 0.35 mm’ ~ 12 mm’

*There is the correlator (mixer and integrator) only and there is no LNA in the paper.
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4.5 Conclusion

In this Chapter, the proposed multi-band receiver is presented.

Firstly, the variable gain LNA has been investigated. The gain of the three stage LNA
can be varied by the bias voltage. The operating frequency band of this receiver is from
3 to SGHz. This is the first block of the receiver, so the input matching of the LNA to
the 50 Q) signal source is needed. The measured input reflection coefficient S11 is less

than -10dB.

The output signal of the LNA is down-converted to the baseband by the passive mixer
and the S-QVCO. A passive mixer is used because of its zero power consumption and
no flicker noise. The measured frequency of S-QVCO can be varied from 3.2GHz to
4.2GHz. The low pass filter will suppress the high frequency signals and leave only the

baseband signal.

Quadrature CMOS full wave rectifiers successfully demodulate and synchronize the
polarities of the pulses and detect the pulses. The CMOS full wave rectifiers consume

the low power and occupy the small area in the chip.

The whole receiver is fabricated by using the Chartered 0.18-um RF CMOS technology
with 1.8V power supply. The chip area is 2.25 mm®. This measured receiver achieves a

26dB gain and a 7dB NF. The power consumption of the whole receiver is 23 mW.
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Chapter 5

UWB transceiver in single chip

5.1 Introduction

The architecture of the proposed 3-5 GHz UWB receiver is more complicated than that
of transmitter and the UWB receiver consumes the more power than the transmitter.
How to reduce the power consumption of the receiver is one of the key challenges for
the researchers. In generally, the main power consumption of the UWB receiver is from

building blocks, such as LNA, variable gain amplifier, ADC and so on.

136



Receiver

5 ol
Full wave T
LPF > | Rectifier

buffer

Output
of RX

LNA

[nput
of RX buffer

comparator —»

; Full wave
LPF Rectifier |—

VCO

; DFE [€— Data

\ 4

clock

Swit 'h Modulation Gaussian
Output witches circuit pulse filter
of TR
Transmitter

Fig.5.1.1 The proposed single chip transceiver

Fig.5.1.1 shows the proposed single chip transceiver

The block diagram of the proposed UWB transceiver is shown in Fig.5.1.1. The

detailed descriptions of the transmitter were presented in Chapter

3. The novel

Gaussian shaping filter produces a pulse train. In general, the pulse width is inversely

137



proportional to the band width of the required signal. The clock and data inputs are
synchronized by the D-flip-flop (DFF). The output of the DFF is the synchronized data
input. The output of the Gaussian shaping filter is modulated by the synchronized data
to produce the baseband Gaussian pulse train. The S-QVCO of Chapter 4 is used for
both the up and down conversions between the baseband and RF signals in the

transmitter and the receiver.

The proposed receiver architecture is shown in Fig. 5.1.1. The detailed descriptions of
the receiver were presented in Chapter 4. This Direct Conversion Receiver (DCR)
architecture is simple and has the low power consumption. This receiver is designed for
operation in the lower band of UWB from 3 GHz to 5 GHz, and in multiple bands of
500MHz each. The wideband LNA is designed to with a variable gain and input
impedance to 50 Q. The LNA is optimized for low noise performance and for filtering
out-of-band interferers. The passive mixers mix the signals from the LNA and the S-
QVCO, and down-convert the radio frequency signal into the base band signal. The
selection of passive mixers will lower the power consumption of the whole receiver.
With the differential LOs, the net coupling to the antenna end is reduced to an
acceptable level. The rectifier is another key building block in the receiver. The
rectifications of signals in quadrature paths synchronize the polarity of the pulses
without the need circuitry for synchronizing the local oscillator and the carrier of the
receiver pulses. The details of these blocks in this receiver are described in Chapter 4.
In this single chip transceiver, the new block added to the receiver is the one bit analog-

to-digital converters (ADC).
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The Quantum Voltage comparator consists of two cascaded differential pairs with the
current mirror load [Yo0o003] instead of two cascaded inverters. The comparator in
[Zhang07] is also modified from [Yoo03]. The second differential pair of the
comparator in [Yoo03] is replaced by the CMOS inverter. The bias current of the
differential pair can be saved by this replacement. The inverter works as a gain booster
for the comparator. Fig.5.1.2 shows a one bit comparator that consists of a differential
pair with current mirror load. This comparator is used after the rectifiers to convert the
analog pulse to digital pulse. For this comparator, no additional circuits are needed for
the reference voltage Vref. The transistor M1 (W/L=60/0.18) is the switching current
source. Transistors M4 (W/L=30/0.18) and M5 form the current mirror. The differential

pair M2 (W/L=25/0.18) and M3 of the comparator boosts the input difference voltage.

Vdd

“ v

Vin —{[‘MZ MS\in Vref
Vbias 4{ M1

Fig. 5.1.2 One bit comparator
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5.2 Simulation and measured results
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Fig.5.2.1 The setup of simulation/measurement for the complete transceiver

The simulation/measurement setup for the transceiver is shown in Fig.5.2.1. The data
input and clock input entered into the transmitter and the Gaussian pulse train was
measured at the output of the transmitter. According to the UWB standard in
[Ander05], the expected emission power spectral density of the transmitter is limited at
-41.3 dBm/MHz in the 3.1-5 GHz frequency band. The power spectral density of the
transmitter pulse train is dependent on the pulse amplitude, pulse width, pulse
repetition rate and the pulse shape. For the proposed transmitter, the output pulse train
is the approximated Gaussian pulse train. The power spectral density of the transmitter
was analyzed in Chapter 2. The output of the transmitter was connected to the receiver

through an attenuator, which accounts for the power propagation loss in the air in a
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wireless connection. The power propagation loss in the air can be described as

L=c”/(47Rf)’ from (2.3). R is the operating range. The received power can be

determined by the emitted power from the transmitter and the distance between the
transmitter and the receiver shown in Section 2.1.3 if the antenna gains are neglectable.
The receiver demodulates this attenuated signal and produce detected data at the output

of the receiver.

The proposed transceiver was implemented in a 0.18um CMOS technology at 1.8V
supply voltage. In this final design, an output buffer was added to the transmitter to
bring the output power close to the permitted level of the UWB standards. The input of
the receiver can be adjusted by the attenuator. The attenuated Gaussian pulse train at
the receiver input and the demodulated rectangular pulses were shown in Fig.5.2.2. For
the simulation, the gain of the whole receiver was 50 dB. The current consumption of
the whole transceiver was 17mA. Both PAM and PPM pulse trains can be demodulated

by the proposed receiver.
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Fig. 5.2.2 The signal after the attenuator and the output of the receiver (simulation)
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Fig.5.2.3 The die photograph of the whole transceiver

The die photograph of the whole transceiver is shown in Fig. 5.2.3. The chip size
1s2.4mm x1.3mm. Both the transmitter and receiver are fabricated in the same chip.
The input and output of the receiver and the output of the transmitter are measured by
the “GSG” pads shown in Fig.5.2.3. The clock and data inputs of the transmitter and
some bias voltages are applied to the 10-pin probe in Fig.5.2.3. The input of the
transmitter is generated from the Data Generator (DG2040). For the transmitter, the
pulse repetition rate is 52MHz. The output of the receiver was measured by a LeCroy

Wave Master 8600A oscilloscope.
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Fig.5.2.4 The single pulse of the output of the transmitter (measurement)

The approximate single Gaussian pulse is measured at the output of the transmitter
shown in Fig.5.2.4 whose pulse shape is similar with the result of simulation result in
Chapter 2. Vpp of the transmitter is 143mV and the center frequency is 4GHz. The
time-domain input and output waveforms of the proposed transceiver with a pulse

repetition frequency of 52 MHz input are shown in Fig.5.2.6.

Fig.5.2.5 shows the coefficient input reflection S11 of the input of the receiver. The

measured S11 is less than -10dB from 2 to 6 GHz.
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Fig.5.2.6 (a) The data input of the transmitter; (b) The clock input of the transmitter; (c)

The received pulse train of the receiver; (d) The output of the receiver. (measurement)

For the 1.8V power voltage, the measured current consumptions of the transmitter and

the receiver were 3mA and 14mA respectively.
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In Fig. 5.2.6 (a) and (b), the data input and clock input of the transmitter were shown.
Fig. 5.2.6 (c¢) shows the pulse train after the attenuator. Fig.5.2.6 (d) is the
demodulated output of the receiver. The whole receiver achieves a 39dB gain. The
tuning range of the center frequency of S-QVCO in the receiver is from 3.2 GHz to 4.2
GHz. The noise figure of the whole transceiver is 8dB. The power consumption of the

proposed transmitter and receiver are 5.4mW and 25.2mW respectively.

The transceiver performance has been tabulated and compared with the other receivers
in Table 5.1. The proposed transceiver has the lowest power consumption compared
with other receivers in Table 5.1. Although the die area of [Zhang(09] is half of that of
the proposed transceiver, the receiver power consumption of [Zhang09] is five times of
power consumption of the proposed transceiver and the transmitter power consumption
of [Zhang09] is twenty-three times of power consumption of the proposed transmitter.
In addition, the gain of the proposed receiver is 16.4 dB more than that in [Zhang09].
The several nanosecond narrow pulse train was demodulated in the proposed receiver.
The small narrow analog pulse has been demodulated into the rectangular digital in the

proposed receiver.

Table 5.1 Summary of measured transceiver performance

This work [Zheng09] [Zhang(09] [Nairl0]
Tech. (CMOS) 0.18um 0.18um 0.09um 0.18um
CMOS CMOS CMOS CMOS
Status Measured Measured Measured Measured
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Max Vpp 1.8V 1.8V 1.2V 1.8V

Modulation PAM/PPM MD-OFDM PAM FSK
Receiver Gain 39dB 25.3-84dB 22.6dB 31~40dB
Receiver P. cons 25.2mW 285mW 156mW 54mW
Transmitter P. cons 5.4mW 139mW 125mW 15.4mW
NF 8dB 6.5-8.25dB ~ 10~7.5dB
Pulse repetition rate 52MHz ~ 100MHz 40MHz
Transmitter 143mV ~ 15mV 75mV
peak-to-peak

sensitivity -70dBm -69.3dBm -80dBm -84dBm
Bandwidth 3-5GHz 3.1-8GHz 3.1-9.5GHz 3-8GHz
Die Area 3.1 mm’ 15.6 mm’ 1.5 mm® 6.8 mm”

5.3 Conclusion

In this chapter, the single chip transceiver is described. The proposed PAM UWB
transceiver has been designed. The whole transceiver is implemented in 0.18um CMOS

technology. The design frequency is from 3-5GHz of the lower band of the UWB
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system. The simulation and measurement of the transceiver have been done. For the
measured results, the power consumption is 30.6mW for the whole transceiver. Both
the transmitter and the receiver are on the same chip and the total chip area is 3.1 mm®.

This design consumes very small power and small size for both transmitter and

receiver.
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Chapter 6

Conclusions and future works

6.1 Conclusions

This thesis presented the design and implementation of the UWB transceiver.

The research background, motivation and objective of the thesis have been introduced.
The research topic is mainly focused on the UWB transceiver performance, to be of

lower power consumption and smaller area of the chip size.

Following an overview of the background of UWB, the applications, limitations and
modulation schemes are described in Chapter 2. Next, the fundamental of UWB
transmitter and receiver are discussed respectively. Several different UWB transmitters
are presented and discussed. The pulse generator and modulator are the key building
blocks of the UWB transmitter. For the receiver, not only the whole structure of the

receiver has been analyzed, but also most popular blocks of the receiver have been

described.

In Chapter 3, two proposed transmitters are described in this thesis, such as the PAM
UWB Transmitter and PAM/PPM UWB Transmitter. A new proposed Gaussian pulse
filter is present, which is simple and consumes very low power. The filter can obtain
the approximated Gaussian pulse. Both the proposed Gaussian pulse filter and

modulating switches have low power consumption, so the total power consumption is

150



very low for the whole transmitter. The PAM UWB transmitter was fabricated and its
performance was measured. The power consumption is only 1.97mW that is much
smaller than the values published in the other papers (shown in Table 3.2). The -10dB
bandwidth is larger than 500MHz with 4GHz center frequency. And its core area is
only 0.2mm*. A new PAM/PPM UWB transmitter also has been implemented. In this
design, the average power (including VCO) is less than 2mW for the 1.8V supply, and

the modulation schemes are selectable.

A new architecture receiver has been developed in Chapter 4. In this receiver, the
several building blocks of the receiver have been designed and analyzed. The main
advantage of the proposed receiver is that both the size and the power consumption are
small. The proposed receiver has the lowest power consumption compared with other
receivers shown in Table 4.2. The LNA should amplify the radio signal to a desired
amplitude that is not too much to affect the linearity or too small to affect the receiver
noise figure. The variable gain LNA can solve this problem and optimize the receiver
performance. The proposed LNA is working from 3GHz to SGHz with variable gain
controlled by the bias voltage. The measured input reflection coefficient S11 of this
LNA is less than -10dB. The passive mixer and S-QVCO are used to down-converted
the received signal to the baseband frequency. The measured frequency of S-QVCO
could be tuned from 3.2GHz to 4.2GHz for 1.8V supply voltage. After down-
converting the RF signal to the baseband signals in I and Q paths, simple LPFs have
been used to filter the high frequency noise. The pulse polarities after the LPF are not
synchronized. Most energy detectors use the squarer and the integrator as described in

[Zhang09] and [Zheng09], to produce the same polarity pulses in the UWB receiver. In
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this design, the full wave MOS rectifiers are chosen for the same proposes. In order to
synchronize the pulse polarities, the CMOS rectifiers have been used to detect the
pulses in both I and Q paths. The pulses can be demodulated by using the CMOS full
wave rectifiers that consume the low power and occupy the small area in the chip. The
pulse signal have been received and detected in this receiver. The whole power

consumption of them is only 23mW.

Gaussian pulse filter

NI

UWB transmitter

Modulation scheme

\/

UWB transceiver

UWRB receiver

Fig.6.1 The architecture of the proposed transceiver.

The integration of the transmitter and receiver into a new single chip transceiver is
described in Chapter 6. The architecture of this proposed transceiver has been

summarized in Fig.6.1. The whole transceiver consists of two main parts, UWB
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transmitter and receiver described in Chapter 3 and 4 respectively. In the UWB
transmitter, the key points of this part are the new Gaussian pulse filter and the new
simple architecture modulations. The receiver has been divided into two parts, such as
the front-end and the demodulation. LNA, mixer and S-QVCO consist of the front-end
of the receiver. The pulses are detected by using the rectifiers. A comparator is added
to the output of the receiver to convert the analog signal to the digital signal. This
transceiver has been fabricated in the single chip by using 0.18um CMOS technology.
The measured current consumption of the whole receiver is 17mA with 3.1 mm?® chip
area. This transceiver is implemented from lower band of UWB system. The measured

voltage gain of the whole receiver achieves 39dB.

Overall, the major contributions of this thesis can be summarized as follows. Firstly,
the proposed low power Gaussian pulse filter is one of the contributions. The Gaussian
pulse has the lowest side-lobe compared to rectangular or sinusoidal pulse and the low
power Gaussian pulse can be obtained by this proposed filter. A new PAM transmitter
is designed by using this Guassian pulse filter. Secondly, another transmitter has been
designed and implemented for the UWB system with the switchable modulation
schemes. The proposed PAM/PPM transmitter has two modulation schemes which are
switchable in this new transmitter. Thirdly, a new architecture receiver has been
developed and fabricated. A new LNA has been designed for this receiver. The full
wave rectifier used for the pulse detection is another key point in this proposed receiver.
The complete receiver consumes low power and has small chip size. Finally, a

proposed transceiver has been integrated and tested.
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6.2 Future works

In this design, the proposed transceiver is only used for 3GHz to SGHz. An extension
of the operating range of VCO is needed, so that they can be used for higher band

UWB from 6GHz to 10GHz also.

In most existing designs, the demodulations are usually done at the baseband. As the
pulse width of the UWB signal is too narrow, it is difficult to demodulate the signal
digitally at the baseband. The proposed receiver has performed the demodulation of
the baseband signals by analog detectors. However, the proposed design covers the
frequency from 3GHz to SGHz only. A new LNA can be designed for the whole UWB

band from 3GHz to 10GHz in the future.
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