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Preface

This thesis is submitted as a part of my degree in Master of science
in microelectronics at the department of physics at the University of
Oslo. The work on the thesis project was initiated in January 2004 and
concluded the following year, in June 2005.

The work has been challenging in many ways, regarding the design and
measurement of the prototype chip and the design of the Print Circuit
Board (PCB) used for measurements. However, I have learned a lot during
the project, and believe that I have benefited from the work. The thesis
addresses a relatively new and popular topic in short range communic-
ation and covers a wide range of issues, and I feel that I have gained
significant experience in several aspects of implementing an ASIC and
developing a PCB.

In this thesis a novel low power front end for Ultra WideBand Impulse
Radio (UWB-IR) receivers suitable for implementation in standard Com-
plementary Metal Oxide Silicon (CMOS) technology is presented. The
front-end is implemented as a pre-conditioner for a RAKE receiver.

The proposed front end is implemented together with a RAKE receiver
in STM 120nm CMOS process distributed by CMP. The PCB was produced
in a FR4 epoxy resin laminate at ELPRINT.
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Abstract

As most radio communication is based on a narrow banded carrier tech-
nique, the technique this thesis is based on utilizes single impulse trans-
missions and wide bandwidths. The technique is called Ultra WideBand
Impulse Radio (UWB-IR) and is based on emission of single pulses and
time domain processing. Through modulation and pulse shaping en-
ergy is contained within a specific band in the frequency spectrum. This
implies that the technique is low power compared to narrow banded
techniques wasting energy on a carrier wave conveying no info. Most ra-
dio receivers even UWB radio receivers is based on a template sampling
scheme for signal detection and the utilization of a Digital Signal Pro-
cessing (DSP) unit for signal processing.

In this thesis a novel low power front-end for impulse radio receivers
suitable for implementation in standard Complementary Metal Oxide Sil-
icon (CMOS) technology is presented. The novel architecture is explor-
ing thresholding and continuous-time delay lines avoiding high speed
sampling clocks. The thresholding scheme is based on simple inverter
structures, the topology consists of a Low Noise Amplifier (LNA), integ-
rator, thresholding pulse shaper and pulse shape detector all in stand-
ard digital CMOS technology. The continuous time front-end utilizes no
sampling clock and is designed to work with a RAKE receiver for low
power ultra wideband applications. As reflections are destructive for
most types of radio communication, the combined topology with the
front-end and RAKE receiver utilizes reflections constructively as a gain
in Signal to Noise Ratio (SNR).

v



vi



CONTENTS

Contents

1 Introduction 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Overview of the thesis . . . . . . . . . . . . . . . . . . . . . . . 3

2 Pulse shape, modulation and detector efficiency vs. regulations 5

2.1 Spectrum and radiation regulations . . . . . . . . . . . . . . . 5

2.2 Pulse shape and spectrum control . . . . . . . . . . . . . . . . 8

2.2.1 Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Receiver topologies and detector efficiency vs. noise . . . . 18

2.3.1 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.2 Receiver efficiency . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Wide band low voltage low noise amplifier (LNA) 23

3.1 Earlier work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Single ended approach . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Common source . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.2 Folded cascode . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.3 Telescopic cascode . . . . . . . . . . . . . . . . . . . . . 26

3.3 Differential approach . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3.1 Differential pair . . . . . . . . . . . . . . . . . . . . . . . 28

3.3.2 Differential pair with folded cascode . . . . . . . . . . 29

3.4 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.5 LNA selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

vii



CONTENTS

3.5.1 Trade-offs . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.6 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.7 Matching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.8 Design dimensions . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4 Comparator/Quantizer 37

4.1 Sampling vs. thresholding . . . . . . . . . . . . . . . . . . . . . 37

4.2 Threshold trigging . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.1 Level-shifter . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2.2 Thresholding solution . . . . . . . . . . . . . . . . . . . 40

4.2.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Pre computation buffers and pulse shaping . . . . . . . . . . 43

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5 Pulse processing, dual slope phase detection and noise filtering 49

5.1 Dual slope phase detection . . . . . . . . . . . . . . . . . . . . 49

5.1.1 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.2 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 Delay line and pulse shaping 53

6.1 Sampled delay line architecture . . . . . . . . . . . . . . . . . . 53

6.2 Pulse shaping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.3 Output buffers, pulse-shaping and output selection . . . . . 56

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

7 Complete system and chip I/O 59

7.1 System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7.1.1 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.2 Chip I/O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.3 Pads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

viii



CONTENTS

8 Implementation 67

8.1 Isolation techniques . . . . . . . . . . . . . . . . . . . . . . . . . 67

8.1.1 Applied isolation techniques . . . . . . . . . . . . . . . 68

8.1.2 LNA isolation and noise reduction . . . . . . . . . . . . 70

8.2 System implementation . . . . . . . . . . . . . . . . . . . . . . . 70

8.2.1 Pad and package selection . . . . . . . . . . . . . . . . . 72

8.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

9 Measurements and preparations 77

9.1 PCB design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

9.2 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . 77

9.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

9.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

10 Discussion and conclusion 85

10.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

10.1.1 Proposal of improvement . . . . . . . . . . . . . . . . . 88

10.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

A Schematic with transistor sizes 91

B Layout blocks 95

C Additional simulations 107

D Instrument list

Measurement setup

Pin-chart for chip 115

E PCB details 125

F Publications 129

Glossary 149

ix



CONTENTS

List of figures 151

List of tables 157

Bibliography 159

x



Chapter 1

Introduction

1.1 Introduction

The focus on short range wireless communication technology is increas-
ing. Although standards like Bluetooth should address such demands,
there seem to be intense development of increased bandwidth using
lower power. An interesting technology is Ultra Wide Band (UWB) or
Impulse Radio. With the recent Federal Communications Commission
(FCC) approval of wideband transmission between 3.1GHz-10.6GHz with
a EIRP emission level at -41.3 dB several efforts have emerged achieving
in excess of 100Mbit/s data rates for short range communication.

The focus on UWB is primarily on the Orthogonal Frequency Division
Multiplexing (OFDM) approach by exploiting the bandwidth combining
several traditionally single band frequencies. The Impulse radio ap-
proach exploits the bandwidth by sending shaped pulses and by using
Pulse Position Modulation (PPM), avoiding the carrier. The concept of
base band radio using very short pulses has other interesting advant-
ages. The wide transmission band makes penetration through different
materials better than narrow band transmission [1, 2]. The lack of car-
rier may be traded for low power solutions. Traditionally narrow-band
based transmissions are wasting energy on a High Frequency (HF) carrier
which in itself is transferring no information. There is however, demand
for short-range low bandwidth communication links in wearable and im-
plantable microelectronics and Personal Area Networks (PAN) [3]. In sev-
eral of these applications, like implantable devices, ultra low power is
important. Exploring impulse radio for robust wireless communication
in medical applications is also interesting.

Within the IEEE 802.15 standard for Wireless Private Area Networks (WPAN)
several different technologies addressing low power short range commu-
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1.1. INTRODUCTION

nication exists. One example is ZigBee which applies to the IEEE 802.15.4
standard, utilizing several different bands and achieving 20 kbps to 250
kbps data rates, depending on the band. The IEEE 802.15.3a standard
addressing high data rate UWB application is regulated between 3.1GHz
and 10.6 GHz and can achieve data rates of several hundred Mbps. Com-
pared to other technologies within the IEEE 802.15 standard, like ZigBee
and Bluetooth based technologies, UWB technology data rate is superior.
A new upcoming standard IEEE 802.15.4a applies to the UWB-IR techno-
logy for low data rates and low power consumption. Early experiments
have been performed showing data rates of 100kbps with a total power
consumption of 1mW [4], and for a even lower data rate of 10 kbps an
average power consumption of 5µW is achieved [5], which is much lower
than existing technologies, e.g one example of ZigBee [6] using between
20mW to 80mW at a data rate of 250 kbps. ZigBee is today one of the
most power efficient short range technologies available. However the
ability to obtain low power, short range and multi user communication
also indicate that UWB-IR technology has a bright future within short
range and low power communication.

Due to the FCC regulations on ultra wide-band signal emission, the spec-
trum response of the signal must be located between 3.1 GHz and 10.6
GHz, and with a spectral power density less than white noise. If the UWB
signal were to show up in the frequency spectrum it would cause inter-
ference or jamming for other communication within the same frequency
band.

As most existing UWB solutions is based on OFDM and the use of mul-
tiple carriers, the receivers are based on a template mixing scheme. The
front-end presented in this thesis is to be based on the detection of im-
pulses shaped to keep the spectrum energy within regulations. This is
done by a thresholding and pulse shape verification scheme without the
use of a sampling clock. The reception is based on the use of a dual
monocycle pulse, which may have two phases. The shape of the dual
monocycle is illustrated in figure 1.1. The two phases used in this thesis
are illustrated in the figure below.

Additional techniques for gaining spectrum control can be various kinds
of modulation, which are briefly presented in the thesis. The major chal-
lenges in this thesis is to design a LNA and a thresholding and shape
detection scheme that can cope with the high frequencies. A major part
of the challenges is of course the short channel effects, the low power
supply and the fact that a frequency operation up to 10 GHz is at the
limit of the technology used for the implementation. To justify the use
of a thresholding and pulse shape recognition compared to a template
sampling scheme, the performance and efficiency of the to topologies
of detectors are briefly compared. The circuit topologies presented are

2



1.2. OVERVIEW OF THE THESIS

DC-level

Figure 1.1: Illustration of the two phases of the dual monocycle with a
DC level of zero.

designed by the author of the thesis, simulations are done on schem-
atic in a combination with manually added parasitic capacitors. This is
done because the parasitic extraction from layout failed to work for the
combination of design kit and software used in the design process.

In this thesis a novel front-end for impulse radio receivers suitable for
implementation in standard CMOS technology is presented. The novel
architecture is exploring thresholding and continuous-time delay lines
avoiding high speed sampling clocks. The proposed solution is imple-
mented in STM 120nm CMOS process. Two publications have been made
on the combination of the basis in a RAKE scheme for symbol correlation
and the topology presented for signal detection [7, 8]. One publication
with more focus on the front-end scheme, also here as a pre-conditioner
for the RAKE receiver, is prepared and pending for publication [9]. All
publications can be found in appendix F.

1.2 Overview of the thesis

Chapter two in the thesis give an introduction in the theory on regu-
lations for UWB and theory regarding pulse shaping and modulation
to obtain a level of spectrum energy within regulations. A template
sampling receiver topology is also explored, and its detector efficiency
vs. noise is presented and briefly compared to a thresholding scheme.
In chapter three the different amplifier structures is explored and com-
pared for performance, with a discussion that converges to a final LNA
scheme. The fourth chapter introduces the comparator/quantizer idea
by using a threshold technique. The output buffers from thresholding
and pulse shaping pre-phase detection is also presented in this chapter.
Chapter number five presents the dual slope phase detection scheme
with an additional noise discrimination feature. In chapter six the rela-
tion between the delay line, RAKE inputs, reflections and the shaping of

3



1.2. OVERVIEW OF THE THESIS

pulses accordingly are presented with the output buffers from the pulse
shaping scheme. Chapter seven presents the whole system combined
with simulations from the shape recognition scheme. Outputs from the
chip to the RAKE structure and the I/O from the circuit are also presen-
ted with pads. The system implementation in silicon and the different
isolation techniques used are presented in chapter eight. Chapter nine
presents the different simulations and chapter ten presents the meas-
urements and its preparations which consisted of a Print Circuit Board
(PCB) design. Discussions and proposal for improvements together with
a conclusion is presented in chapter eleven.

A listed outline of the thesis:

1. Introduction with motivation and challenges in the thesis

2. Introduction to UWB regulations and how to stay within, together
with a presentation and calculations of detector efficiency vs. noise
briefly compared to a thresholding scheme

3. Amplifiers are compared with a discussion converging to a scheme
implemented in silicon

4. The comparator/quantizer technique based on thresholding is presen-
ted with its output buffers

5. The dual slope and phase detection scheme are presented together
with pulse shaping and output buffers

6. The final pulse shaping and its relation to the delay line, RAKE
inputs and reflections are presented

7. A combination of all the elements making out the front-end is
presented as a system and simulated, together with the output to
the RAKE and I/O to the chip combined with pads

8. Implementation in silicon and the isolation techniques used com-
bined with pad selections are presented

9. Presentation of the simulation of single parts of the system to-
gether with the simulations of the whole front-end

10. The measurements and its preparations are presented with de-
scriptions of PCB design and measurement environments

11. Final discussions with proposal for improvements and conclusion

4



Chapter 2

Pulse shape, modulation and
detector efficiency vs.
regulations

In conventional radio communication as in UWB electromagnetic energy
which is used as the information carrying medium. Conventional radio
uses a continuous frequency compared to UWB-IR which emits single
separated pulses. In this chapter the difference between conventional ra-
dio and UWB-IR is explored, explaining how it is possible to gain control
of the spectrum by shaping a single pulse. The existing spectrum and
radiation regulations of UWB emission is presented, and different pulse
shapes are compared for use in this application. Modulation, receiver
topologies and detection efficiency are also explored. This chapter is
based mostly on the books called “Ultra-wideband radio technology” [2]
and “UWB theory and applications” [1].

2.1 Spectrum and radiation regulations

Many users occupying and coexisting in the same limited radio spec-
trum is made possible by regulations, which are developed together
with the radio technology. Since the earliest regulations the radio tech-
nology and regulations have converged into a narrow band regulation,
and at that time wide band signal transmission was a contrary to the
progress possible due to regulations. As technology has developed and
made UWB transmissions an effective way to utilize the spectrum, regu-
lations have adapted to permit UWB signal emission. The first to permit
UWB signaling was the US federal communications commission FCC in
2002, the European technical telecommunications administration ETSI
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2.1. SPECTRUM AND RADIATION REGULATIONS

followed with a proposal of regulation that are expected to come into
force within 2005.

The regulations mentioned is the Effective Isotropically Radiated Power
EIRP regulations, describing the product of the antenna gain and the
power supplied to it in a given direction relative to an isotropic antenna.

Frequency Indoor EIRP (dBmMHz ) Handheld EIRP (dBmMHz )

960 MHz - 1.610 GHz -75.3 -75.3
1.610 GHz - 1.990 GHz -53.3 -63.3

1.990 GHz - 3.1 GHz -51.3 -61.3
3.1 GHz - 10.6 GHz -41.3 -41.3

Above 10.6 GHz -51.3 -61.3

Table 2.1: FCC regulatory scheme for EIRP level within the bandwidth for
indoor and outdoor handheld UWB systems. UWB regulations between
3.1 GHz and 10.6 GHz has the same restrictions for indoor as for out-
door handheld devices.

Frequency Indoor EIRP (dBmMHz ) Handheld EIRP (dBmMHz )

< 3.1 GHz −51.3+ 87 · log
(
f

3.1

)
−61.3+ 87 · log

(
f

3.1

)

3.1 GHz - 10.6 GHz -41.3 -61.3

> 10.6 GHz −51.3+ 87 · log
(
f

3.1

)
−61.3+ 87 · log

(
f

3.1

)

Table 2.2: ETSI regulatory scheme for EIRP level within the bandwidth for
indoor and outdoor handheld UWB systems. UWB regulations between
3.1 GHz and 10.6 GHz has a 20 dB more restrictive regulation for hand-
held EIRP than for indoor.

The data in table 2.1 and 2.2 is from an extract of the FCC part 15 regu-
lation [10] and the ETSI technical report [11].

For indoor limits the regulations defined by FCC and proposed by ETSI
are the same, but for handheld systems the EIRP regulation proposed by
ETSI is as much as 20 dB more restrictive than the one defined by FCC.
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Figure 2.1: Comparison of the ETSI and FCC regulations for UWB com-
munication regarding indoor and outdoor handheld devices. FCC indoor
represented by the green graph, FCC handheld by black, ETSI indoor by
the red dashed and ETSI handheld by the blue dashed graph. The regula-
tion within the Global Positioning System (GPS ) band is also illustrated.

FCC regulation limits for indoor and handheld systems are given by table
2.1, and in figure 2.1, they are illustrated in the spectrum with the ETSI
proposal for emission limits for comparison. ETSIs proposal for regula-
tion is given by table 2.2.

The level of -41.3 dBm is the much spoken of part 15 limit, which re-
gards operation of unlicensed low power RF communication. These reg-
ulations attend to a power spectral density mask PSD to be used when
designing a UWB signal, making sure the signals spectral energy stays
within regulations. The PSD mask for indoor systems are illustrated in
figure 2.2, and is given by the relationship between regulation limits and
the best possible spectral shaping of a signal.
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20 dB

Bandwidth

10 dB 10 dB

PSD mask -41.3 dBm/MHz (part 15 limit)

PSD mask corner

fL fC fL

Figure 2.2: The optimal signal shape within regulations illustrating the
20 dB PSD mask corners, the part 15 limit and the 10 dB minimum band-
width requirements.

The 10 dB limits illustrated in figure 2.2 is the minimum bandwidth limit
of 500 MHz. To ensure compliance with the minimum bandwidth re-
quirements, the signal must remain below the 20 dB PSD mask corners
and the part 15 limit of -41.3 dB.

2.2 Pulse shape and spectrum control

Conventional radio signals occupy a unique location in the radio spec-
trum and are distinct and narrow banded. They are crafted that way due
to the interplay between the technological evolution of RF technology
and regulations, which brought order to the radio spectrum. By occupy-
ing a fraction of spectrum each the radio signals share the limited spec-
trum, enabling multiple users to coexist. Separating signals by channels,
bands and frequency is not the only way to share the spectrum. Another
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2.2. PULSE SHAPE AND SPECTRUM CONTROL

way is to separate signals in time, especially in short fractions of time.
Which implies emission of short duration pulses. These signals occupy
wide bandwidths, and the shorter the fraction of time for one pulse, the
wider the bandwidth. Using coding, modulation and packing techniques
of signals in time, enables the signals to be separated and thus renders
it possible to distinguish users.

Generating UWB pulses can be done in many ways, and the most basic
approach is to send a sharp signal edge, which will occupy a bandwidth
relative to the rise or fall time off the signal edge. This approach can
occupy an extremely wide bandwidth, but with a spectrum content that
is hard to control. An improvement of this approach is to add a band
pass filter which shapes the signals spectral appearance, but adding a
filter will cause the signal to gain a lot of ringing, as illustrated in figure
2.3.

Bandpass filter

Rectangular pulse

Ringing

Figure 2.3: Illustration of the ringing effect gained by emitting a rectan-
gular pulse through a band pass filter.

The signal being a step or a narrow pulse appears as a complex elongated
signal. This can be sufficient for some kinds of UWB-IR systems using
HF sampling techniques, but the method lacks the finesse to precisely
shape and control the signal energy in the frequency spectrum. There
are several existing methods to achieve precise signal design in UWB-
IR and to illustrate how to gain spectrum control the spectrum energy
of three pulses are compared. The three pulses are a rectangular pulse
r(t), a cosine shaped pulse c(t) and a Gaussian shaped monocycle g(t) all
illustrated in time and frequency domain in figure 2.7.

The rectangular pulse r(t) has a width of T picoseconds and is centered
at t=0 given by equation 2.1.

9



2.2. PULSE SHAPE AND SPECTRUM CONTROL

r(t) =
{

1 if − T
2 < t <

T
2

0 otherwise (2.1)

By Fourier transforming r(t) an frequency domain representation R(f) is
described by equation 2.2:

R(f) = T · sin(πTf)
πTf

(2.2)

-1/T 1/T

T

Frequency domain

Time domain

t=0

Figure 2.4: Illustration of a rectangular shaped pulse in time and fre-
quency domain related by Fourier transformation and with the applied
relation T.

The relation between time and frequency domain is plotted in figure 2.4,
where the width T of the pulse corresponds to a width 2

T in frequency,
thus giving the relation between the signals spectral width and the pulse
duration. The frequency representation of the signal indicates a large
main lobe between f = − 1

T and f = 1
T . The rectangular pulse also

generate significant spectral energy in the side lobes. Due to the side
lobes these pulses spectral energy might exceed regulatory levels, thus
reducing the energy in the side lobes of the signal would apply to the
regulations in UWB applications.

An important relation between time and frequency domain of a signal
is that the more continuous and smooth the rise and fall of the time
domain signal is, the lower is the energy content in the side lobes. Thus
the energy in the side lobes can be controlled by shaping the edges of
the signal in time domain, which makes the cosine and Gaussian shaped

10



2.2. PULSE SHAPE AND SPECTRUM CONTROL

pulses more relevant for UWB-IR applications. The cosine-shaped pulse
c(t) is described by equation 2.3.

c(t) =
{

cos(2πfa
2 ) if |t| < 1

2fa
0 otherwise

(2.3)

By looking at figure 2.5 and comparing it to the rectangular pulse in
figure 2.4, the top of the pulse is now rounded, and the energy in the
side lobes is reduced. But due to abrupt corners in the lower part of the
pulse there is still some energy remaining in the side lobes.

-1/T 1/T Frequency

Time

f
a

t=0

Figure 2.5: Illustration showing the time and frequency domain relation
for a cosine shaped pulse.

The frequency representation of c(t) is described by equation 2.4.

C(f) =
cos(π f

fa )

1− (2 ffa )2
(2.4)

Now exploring the rectangular and cosine shaped pulse it becomes obvi-
ous that smooth transitions in time domain avoids energy to be waisted
on the side lobes of the signal in frequency domain. This applies to
a pulse shape with continuous smooth transition in time domain. A
widely used pulse shape applying to these characteristics is the Gaus-
sian shaped pulse.

The Gaussian shaped pulse g(t) is given by equation 2.5.

g(t) = exp(
−0.5t2

u2
) (2.5)

11



2.2. PULSE SHAPE AND SPECTRUM CONTROL

And its frequency representation by equation 2.6.

G(f) = exp(−2(πfu)2) (2.6)

The width parameter u = uB is calculated to give G(f)2 = 0.1 with the
value fB in GHz to obtain the bandwidth requirements at -10 dB illus-
trated in figure 2.2. With the width parameter u given by equation 2.7.

u = uB = 1

2πfB(log(e))
1
2

(2.7)

Where fB represents the desired half bandwidth from figure 2.2 and
e=2.7182... which is the natural logarithm base.

Time

Frequency

t=0

Figure 2.6: Showing the time and frequency domain relation for a Gaus-
sian shaped pulse.

As shown in figure 2.6 the Gaussian pulse is continuous and has continu-
ous smooth transitions, which in the frequency representation appears
as a Gaussian shaped main lobe with suppressed side lobes. By compar-
ing the three main lobes in figure 2.7 it is clear that between the 10 dB
points they appear nearly identical, but when looking at the area outside
the difference is considerably large.

From the figure it is clear that the smoother the transition, the more
suppressed are the lobes, thus giving more control over the spectrum.

12
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PSD mask

-41.3 dBm/MHz

fCfL fL

10 dB 10 dB

Bandwidth

Frequency

Figure 2.7: Illustrating the relation of smooth transitions and spectrum
energy with focus on the energy in the side lobes, by comparing the
three previously introduced pulse shapes. The red line is the frequency
domain for the rectangular shaped pulse, green is the cosine shaped and
blue is the Gaussian shaped pulse.

The objective of pulse shaping and spectrum control adds up in gen-
erating a pulse with a spectrum representation that fills up the whole
bandwidth between 3.1 GHz to 10.6 GHz. This can be done by gener-
ating a baseband pulse (e.g Gaussian) containing the correct bandwidth
relative to the PSD mask in figure 2.2, and then shift it up in frequency
using Armstrong’s heterodyne technique illustrated in figure 2.8. This
implies mixing the baseband pulse with a sinusoidal waveform like e.g
cos(2πfC).

13



2.2. PULSE SHAPE AND SPECTRUM CONTROL

Baseband pulse

co
s(

2
π

x)

exp(-x^2)
Frequency shifted pulse

Figure 2.8: Illustrates the basics of Armstrong’s heterodyne technique
with a mixing between a baseband pulse and a sinusoidal waveform.

This technique is illustrated in figure 2.8 and is often used in UWB com-
munication, thus making it relatively simple to control the spectrum
content of the signal. But this technique usually requires a HF sampling
in the receiver, and since the front-end scheme presented in this thesis
is based on reception and detection of dual sloped monopulses. The
technique does not apply to this approach of UWB-IR signal emission.

The shape of dual slope Gaussian monocycles in time domain is de-
scribed by equation 2.8.

v(t) = 6A ·
√
eπ
3
· t
τ
· e−6π( tτ )

2
(2.8)

Where A is the peak amplitude of the monocycle, τ is the duration of
the monocycle, t is the time and e is the natural base of logarithms. And
by Fourier transforming the frequency domain is given by equation 2.9.

v(f) = −j · 2fτ2

3
·
√
eπ
2
· eπ6 f 2τ2

(2.9)

with the center frequency fc as:
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fc = 1
τ

(2.10)

The relation between time and frequency domain is illustrated in figure
2.9.

fc

3.1 GHz 10.6 GHz

Figure 2.9: Illustration of the dual monocycle in time and frequency do-
main. Simulated in Matlab.

By using a dual sloped Gaussian monocycle, as illustrated in figure 2.9,
the spectrum energy of the pulse is easily controlled. The dual sloped
shape of the pulse is actually the derived shape of the previously presen-
ted Gaussian monocycle, thus the smooth transitions. The pulse shape
can be considered carrier based. A advantage of the pulse shape over the
baseband signal is that the peak of the energy spectrum of a single pulse
is not at zero frequency. As the pulse itself has a DC level of zero, no
coding is necessary to avoid the need for a DC offset between the pulses,
which potentially could suppress weak signals in between pulses.

By emitting any of the pulses used in UWB-IR in a repetitive pattern, it
will cause the appearance of the repetitive frequency in the spectrum,
thus violating the emission regulation limits illustrated in figure 2.10.
This implies that the technique of transmitting pulses most be combined
with a modulation scheme to prevent a repetitive pattern in transmis-
sion, thus staying within the regulatory levels and not appearing in the
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2.2. PULSE SHAPE AND SPECTRUM CONTROL

frequency spectrum. As this thesis is based on the reception of dual
sloped pulses the illustrations also contains dual sloped pulses.

Frequency

dB

Repetitive pattern

Time

Spectral energy

PSD mask

Figure 2.10: Illustrates the effect of sending pulses in a repetitive pat-
tern, where the spectrum energy exceeds regulations.

2.2.1 Modulation

Modulation is the technique of modifying a signal wavelet or impulse in
such a way that it carries information. Through the process of devel-
oping UWB-IR technology various encoding/modulation techniques have
evolved.

The following techniques are commercially useful as UWB-IR modulation
enabling a wide range of implementation possibilities.

1. Pulse Position Modulation (PPM)

2. M-ary Bi-Orthogonal Keying modulation (MBOK)

3. Pulse Amplitude Modulation (PAM)

PPM modulation involves transmitting pulses at high rates (millions pr.
second), with the time between the pulses pseudo-randomly spaced also
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2.2. PULSE SHAPE AND SPECTRUM CONTROL

called pseudo-noise (PN) time intervals. By applying this technique the
signal will be noise-like in both time and frequency domain, hence spread-
ing the energy out in time to maintain the spectrum energy within the
PSD mask. This is illustrated in figure 2.11.

PSD mask

Spectral energy
Frequency

Time

dB

Figure 2.11: Illustrates the effect of applying pseudo random coding on
a pulse sequence to maintain control of the spectrum energy.

Systems using this modulation technique have demonstrated impressive
data links both for short and long range. It also enables position meas-
urements to be accurate within a few centimeters, and through wall mo-
tion sensing radar applications. The modulation techniques error prob-
ability PF in additive white Gaussian noise (AWGN) follows by equation
2.11.

PF = 1

2
erfc(

√
γb
2
) (2.11)

where erfc is a complementary error function and γb is the received
signal to noise ratio (SNR) per information bit. By using a fine pitch
pulse positioning modulation and combining it with the dual slope pulse
polarity which is enabled by the phase detection scheme presented in
this thesis, a modulation scheme called MBOK is enabled.

As the MBOK modulation is a combination of clever coding and pulse
polarity using a length of ternary codes (-1, 0, +1), it can result in a
modulation efficiency that approaches the Shannon limit [2]. The use
of pulse polarity itself is a coding possibility that applies to the phase
detection scheme in this thesis, and is analogous to binary phase shift
keying (BPSK) used in conventional carrier based technology.

The bit error probability PP for pulse polarity coding is given by equa-
tion 2.12.
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PP = 1
2
erfc(

√
γb) (2.12)

By combining the PN PPM modulation with pulse polarity coding the
total bit error probability can theoretically be significantly reduced to√

2
8 erfc(

√γb) .

While pulse shaping and modulation has a major effect on the SNR itself,
it is in combination with an effective detector scheme the total SNR for
the front-end receiver is given.

2.3 Receiver topologies and detector efficiency vs.
noise

Several different structures has been proposed for UWB receivers, us-
ing miscellaneous signal detection techniques. In this section different
sampling techniques are compared for efficiency in a template sampling
scheme, making it possible to compare the performance between sampling
and thresholding. The overall performance of a receiver is limited by its
SNR, thus making noise an important factor to focus on.

2.3.1 Noise

Noise exists everywhere, and is a combination of “natural” and “man
made” noise. The noise referred to as “natural” is also known as “white
noise”, and is the wideband channel thermal noise often idealized as
additive white Gaussian noise (AWGN). “Man made” noise is interference
from other systems occupying the frequency spectrum. Together the
combination of noise sets a limit on the range and capacity of wireless
systems.

An expression used to describe the noise in an environment is the noise
power density, which is the noise power in a bandwidth of 1 Hz. De-
scribed by the equivalent noise temperature and Boltzmann’s constant
it makes up the noise to power density that is contributed to the incom-
ing signal by a receiving system. The noise power density in any lossy
element, described from quantum mechanics considerations in watts per
hertz is given by equation 2.13.

No = h · f

 1
eh·f
kb·T − 1

+ 1


 (2.13)
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Where h=Plank’s constant, Kb=Boltzmann’s constant, f=frequency in
hertz and T= the absolute temperature in kelvin.

For frequencies that is low enough to comply with the UWB application
(3 GHz - 10 GHz), the noise power density expression is simplified and
can be reduced to equation 2.14.

NO = kbT (2.14)

Which is a representation of the noise power density for a bandwidth of
1 Hz. This implies the noise power N for any bandwidth to be the noise
power density multiplied with the bandwidth B giving equation 2.15.

N = kbTB (2.15)

This relation implies that the wider the bandwidth the more noise power
is applied to the signal.

2.3.2 Receiver efficiency

The receiver efficiency describes how well the signal detector scheme
copes with the SNR at the input of the receiver, compared to the SNR on
its output. Thus the receiver SNR which is the relation between SNR in
and SNR out, indicates the receiver structures efficiency and robustness
to noise. SNR and bit energy Eb to noise density ratio are related to
AWGN by taking the bit duration Tb and bandwidth B into account. The
SNR in general for any receiver is given by the equation 2.16.

SNR = S
N
=

(
Eb
Tb

)

NO · B (2.16)

And when the signal bandwidth is equal to the inverse of the bit duration
the SNR is given by equation 2.17.

SNR = Eb
NO

(2.17)

The receiver efficiency often referred to as the detector efficiency eC is
for digital signals described by equation 2.18.

eC = 10 log




(
Eb
NO

)
out(

Eb
NO

)
in


 (2.18)
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This equation is a general expression for the SNR in a system, and by
looking at a receiver scheme with template mixing an equivalent expres-
sion can be written. The system this expression applies to is illustrated
in figure 2.12 and is a system where the signal from the antenna is
filtered by a filter with the response h(t). The signal is then mixed with a
template p(t).

h(t)

p(t)

(Eb/No)out

Filter Mixer

Antenna

(Eb/No)in

Template signal

Figure 2.12: Shows a basic template mixing structure with an antenna
and a filter at the input before the mixer.

The equivalent expression for analogue signals can be written by apply-
ing equation 2.16 with equation 2.18. In order to simplify, the filter is
made an “all pass” filter, and the signal supplied to the mixer from the
antenna is s(t), making its impulse response remain an impulse. Giving
the following relation:

h(t) = δ(t) with p(t) = s(t) (2.19)

where the δ(t) is a Dirac delta function of the template which is expected
as input. This receiver structure is referred to as “matched template”
receiver or a “matched filter”. Provided the filter is causal the receiver
detection efficiency eC of such a receiver can in general be described by
equation 2.20.

eC = 10 log

[ ∣∣∫ ∫ s(τ) · h(τ − t)dτ · p(t)dt∣∣2

∫
s(t)2dt · ∫ ∣∣∫ p(τ) · h(τ − t)dτ∣∣2 dt

]
(2.20)

and is maximized when:
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C ·
∫
p(τ) · h(τ − t)dτ = s(t) (2.21)

where the constant C is the RMS value of the signal s(t). The receiver
efficiency described in equation 2.20 implies that the shape of the signal
s(t) and the filter response relative to the template p(t), strongly affects
the level of detection/correlation in the mixer. From the expression it
is obvious that the timing or synchronization between the template and
the signal is essential to obtain an efficient sampling.

The use of an rectangular pulse as a sampling template can relative to
the synchronization and timing result in a output equal to or close to
a rough shape of the input pulse itself. This can be compared to the
continuous-time thresholding technique presented in this thesis. The
only difference is that the technique presented in this thesis is inde-
pendent of the sampling template and thus the synchronization issues.

As an receiver usually is constructed with an amplifier as the first ele-
ment, makes the design of such an element crucial, since its contribution
to the total SNR propagates through the whole receiver structure. The
amplifier and the issues related to its design is presented in the next
chapter.

2.4 Summary

Due to the FCC regulations on ultra wide band signal emission, the spec-
trum response of the signal is located within the PSD mask, which im-
plies a restriction between 3.1 GHz and 10.6 GHz, and with a spectral
power that is less than the one for white noise. If the UWB signal were
to appear in the frequency spectrum outside regulation limits it would
cause interference or jamming for all other communication within the
same frequency band. This is avoided by using Gaussian shaped pulses,
by spreading the pulses pseudo-randomly in time and by controlling the
amplitude of the pulse, which for one emitted pulse is between 3 dB
to 10 dB larger than for the white noise. The amplitude, duration and
phase of dual sloped pulses are properties of the UWB pulses that can
be utilized for detecting the signal in a receiver front-end scheme. Thus
reducing the bit error probability and increasing the receiver structures
total SNR.
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Chapter 3

Wide band low voltage low
noise amplifier (LNA)

In a radio receiver front-end the LNA is one of the most essential com-
ponents which performance affects the performance of all the following
circuitry. The UWB impulse radio area of application sets certain require-
ments to the LNA design. Three main properties feasible for the LNA is
a wide-band operation of 6.5 GHz, a fairly flat gain within the operating
band and a low noise factor giving an acceptable signal to noise ratio
(SNR). In this chapter several different topologies within single ended
and differential input approaches are discussed and compared for per-
formance. The decision for which design that will work best for this area
of application is made by focusing at the gain factor and frequency per-
formance. The noise issue, matching issues and power consumption are
also briefly discussed. A brief introduction to earlier work is also done.

3.1 Earlier work

There has been a lot of publication regarding LNA and front-end designs
for UWB and UWB-IR receivers. There exists both single ended and differ-
ential topologies, but few of the approaches have been implemented in a
pure CMOS process. The majority of the approaches are implemented in
Bi-CMOS or SI-Ge processes, where most of the implementations in pure
CMOS technology are operating at a lower frequency band e.g. 3 GHz -7
GHz [12,13,14]. By searching the IEEE database there were two publica-
tions on LNA front ends for UWB applications which operated in the 3.1
GHz to 10.6 GHz frequency range [15, 16], where only one seems to be
implemented. The implementation is done in a 0.18 µm CMOS techno-
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logy from IBM, achieving 10 dB in gain within the operating frequency
band.

3.2 Single ended approach

3.2.1 Common source

The single ended approach can be a trivial design which in its simplest
form can consist of only one transistor and a resistor [17]. Since the
amplifier is a transconductance amplifier, its gain is relative to the in-
put transistors transconductance. The most efficient transistor to use in
such a configuration is the n-channel transistor due to the better mobil-
ity.

In

Out

Figure 3.1: Schematic of the common source amplifier with passive load.

By using a n-channel transistor as input and a resistor as a load to reg-
ulate the current showed in figure 3.1, the gain of the amplifier can be
simplified to the form given in equation 3.1.

AV ' −gm ∗ rds (3.1)

Where gm is the transistor transconductance and rds is the output im-
pedance of the amplifier. The common source is a single end amplifier at
its simplest form, but with simple modifications it gains properties that
makes it popular as a single ended approach in a variety of applications.
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The modifications thought of is the folded cascode and the telescopic
cascode configurations, and there are two major reasons for their pop-
ularity [18]. First of all they can have a quite large gain for a single stage
amplifier approach due to the large impedances at the output. Second
that by using cascode stages the voltage across the input transistor is
limited. This technique is presented shortly. This minimizes any short-
channel effects which is an important issue due to the technology used
in this implementation.

The resistor illustrated in figure 3.1 can be replaced with a transistor,
this is also known as an active load. The advantage of using active load
compared to passive is higher gain due to the large effective load resist-
ance [19]. Due to the low supply voltage of 1V the possibility to stack
transistors is limited, one design technique that complies to this issue is
known as folding.

3.2.2 Folded cascode

By applying two single transistors to the common source with active
load, the configuration gain properties making it a good solution for low
supply voltage solutions. The folded cascode configuration showed in
figure 3.2 has a n-channel common source input transistor, an active
load and a p-channel folding transistor. This is called a folded cascode
stage [18], where “bias2” and “bias3” from the figure sets the point of
operation on the output node. The output voltage from the first stage is
the source node of the p-channel folding transistor, thus functioning as
the “supply” voltage of the folding stage.
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In
Out

Vbias2

Vbias3

Vbias1

Figure 3.2: Schematic of the folded cascode amplifier with an active load
and p-channel folding transistor.

The advantage of this configuration is that it can allow the dc level of
the output signal to be the same as for the input, and that it applies
to configurations with a low supply voltage. A drawback is that this
configuration usually is slower than the telescopic cascode amplifier.
This is due to the difference in transconductance, which is roughly tree
times larger for the n-channel transistor than the p-channel transistor
used for folding.

3.2.3 Telescopic cascode

The telescopic cascode is a one transistor modification of the common
source with active load configuration. A n-channel transistor is added
in series with the input transistor, at the source side as shown in figure
3.3. By using cascode stages the voltage across the input transistor is
limited, which implies that channel shortening effects is reduced. It also
implies that the input transistor is isolated from the output capacitive
load, thus eliminating the Miller effect [18].
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In

Out

Vbias2

Vbias1

Figure 3.3: Showing the schematic of the telescopic cascode amplifier
with active load.

The configuration has a advantage on the folded cascode stage by using
two n-channel transistors compared to applying a p-channel transistor
and reducing the mobility factor. The gain of the configuration is given
by its transconductance and the output impedance which in a simplified
form assuming all elements are matched can be described by equation
3.2.

AV = VS2

Vin
Vout
VS2

' −1
2
(
gm
gds
)2 (3.2)

Where VS2 is the node between the two lower transistors, gm is the com-
bined transconductance and gds is the output admittance.

The single ended input approach is simple and commonly used, but an-
other popular approach is the differential input to single ended output
approach.
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3.3 Differential approach

3.3.1 Differential pair

To realize a differential input a commonly used differential transistor
pair is used together with a biasing current source controlling the “tail-
current”. A current mirror is added as a active load, making the differ-
ential input single ended output configuration possible to realize. The
schematic of such an topology is illustrated in figure 3.4.

In+

out

Vbias1

In-

I

Figure 3.4: Schematic of the differential pair amplifier with current mir-
ror and tail current limiter.

The input voltage is defined in equation 3.3, and the output current is
given by equation 3.4. By assuming that the output impedance is purely
resistive the gain of the configuration is given by equation 3.5.

Vin ≡ V+ − V− (3.3)

iout = gm1 ∗ Vin (3.4)
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AV = VoutVin
= gm1 ∗ rout (3.5)

Where gm1 is the combined input transconductance, iout is the output
current and rout is the output impedance. The differential pair approach
gives high gain an differential input to single ended output, which can be
combined with RF-input schemes for effectively utilizing the differential
input. By using two input transistors the input gain can potentially be
doubled compared to a single ended input approach. And using differen-
tial inputs also implies that any common mode noise is rejected, but this
rejection is reduced in high frequency operation, due to the increasing
common mode gain at high frequencies. However the topology also has
a major drawback to it. The model described implicitly assumes that the
time constant at the output node is much larger than the internal time
constant due to parasitic capacitances at the source node of the “tail”
transistor (Vbias1) and the differential pair transistors. But this does
not apply when high frequency effects are important, as it is in this area
of application.

3.3.2 Differential pair with folded cascode

A differential pair with a folded cascode and second gain stage was at-
tempted as a possible solution, but it was limited by the frequency per-
formance of the differential pair configuration, and therefore discarded
as a possible solution for implementation in the technology used in this
thesis.

3.4 Simulations

By comparing the topologies discussed, it is clear that there is a trade
off between frequency and gain, and that there is a big difference in
performance. The first simulation in figure 3.5 shows the AC response
of the common source with active load, differential tailed pair and the
telescope cascode, simulated between 100 MHz and 100 GHz.

The simulation is performed with the schematics described in appendix
A, in the same environment with a capacitive load of 10 fF. From the
simulation results it is clear that the telescope cascode approach is the
one with the highest gain within the range of operation. The differential
approach has a relatively flat but low gain, less than the common source
approach with a higher gain but lower frequency response.
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Telescopic cascode Common source Diff pair

Figure 3.5: AC simulation of the LNA schemes, showing the telescopic
cascode in black, common source in green and differential amplifier in
red.

The next simulation is a transient simulation (figure 3.6) of the same
topologies and with a sinusoidal input signal with a offset at 600 mV and
amplitude of 10 mV. The environment is the same as for the previous
AC simulation, which gave the best result for the different topologies.

The different DC levels in the simulation results can be adjusted by chan-
ging the sizes of the transistors, level of input signal and bias voltages.
The telescopic cascode approach is the easiest to adjust, and the one giv-
ing the highest gain. By connecting the telescopic cascode amplifier with
the serial connected capacitor and by adding a capacitor to ground on
its output, it is simulated in its operating environment. The simulation
reveals that the gain stays above 30 dB in the range between 3.1 GHz -
10.6 GHz, and with a highly adjustable gain level achieved by tuning the
gate voltage on the cascode transistor, shown in figure 3.7.
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Telescopic cascode Common source Diff pair

Transient respose

Figure 3.6: Transient simulation of the LNA schemes, showing the tele-
scopic cascode in black, common source in green and differential ampli-
fier in red.

Figure 3.7: Parametric AC response of the telescopic cascode amplifier
with linear steps of the bias voltage between 450 mV and 1 V.
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3.5 LNA selection

3.5.1 Trade-offs

A LNA can be achieved by using a lot of different designs, but with a
frequency range from 3.1 GHz to 10.6 GHz, and with a supply voltage
of approximately 1 Volts in a standard CMOS process, it narrows down.
Due to the high operating frequency and the short channel effects in
the fine pitch process, it is a difficult task to obtain sufficient gain at
the same time as the frequency response of the amplifier is maintained.
The limited supply voltage brings on another challenge when it comes
to stacking transistors on top of each other, as in telescopic designs.
All these factors combined are limiting the amount of different design
approaches possible for implementation.

A lot of different approaches were tried out for the LNA design, they
were all based on either the differential pair or the cascade approach.
The differential approach has an advantage in high gain and common
mode noise rejection, but was limited by the high frequency operation.
A fully differential approach, with differential thresholding topologies
could have been a solution, but was not further explored due to the dif-
ferential pair low gain in high frequency operation. All designs had lim-
itations due to the low power supply, and by trying out a folded cascode
approach which reduces that problem, the low gain during folding was
getting problematic. It resulted in a design that collapsed on its own
parasitic capacitors, as a result of the low folding gain. The telescopic
cascode approach shows a high gain and frequency operation and has
an advantage since the cascode transistor eliminates the miller effect.
By doing Monte Carlo simulations in every corner with temperatures of
0, 30 and 60 degrees Celsius it was possible to verify how affected the
performance of the LNA can be by mismatch and temperature. Addi-
tional corner and Monte Carlo simulations are added in appendix C. The
simulations show that the performance is severely affected in low tem-
peratures and weak NMOS structures. Some of the effect is probably due
to biases which need to be adjusted to compensate for temperature.

3.6 Noise

The topology selected for LNA will affect the amount of noise created by
the device, and the amount of noise amplified an relayed into the other
circuits. In a design with a low supply voltage, accuracy and noise must
often be traded for maximum voltage amplitude. This section is based
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on the book from Motchenbacher [20]. By using MOSFET transistors it
is possible to create a high impedance input, which is preferable due
to the low shot noise In described in equation 3.6. An disadvantage of
using MOSFETs is that the flicker noise is 10 to 100 times larger than
in a Bi-CMOS transistor. The flicker noise has a 1

f characteristic and is
described in equation 3.7. All transistors have a thermal noise due to the
channel resistance, the thermal noise created by a device is described by
equation 3.8.

In =
√

2qIGss (3.6)

I2f =
KF I

AF
DQ

fCOXL2
eff

(3.7)

V2
n = 4kTγgmr2

0 (3.8)

Where In is the shot noise, q is the electronic charge (1.602 x 10−19Coulombs),
IGss is the DC reverse saturation gate current, If is the flicker noise cur-
rent in the drain-source channel, KF is the flicker noise coefficient, IDQ is
the quiescent drain current, AF is a constant, f is the frequency in Hz,
COX is the gate oxide capacitance, Leff is the effective channel length,
Vn is the thermal noise voltage, k is Boltzmann’s constant, T is the tem-
perature in Kelvins, γ is the constant relative to the channel length de-
scribed by Razavi to become larger as the technology develops [21],
gm is the transconductance and r0 is the channel resistance.

An other important expression is noise bandwidth, that describes the
noise relative to the input gain bandwidth, and not signal bandwidth.
Which implies that the input stage gain bandwidth should be as equal as
possible to the signal bandwidth. The flicker noise with its 1

f characteristics
should not be an issue due to the high frequency operation, neither is
the thermal noise since it is frequency independent, though it can be re-
duced by designing longer transistors. The largest noise source from the
devices should be the shot noise, which increases linearly from a certain
threshold frequency. The contribution from all noise sources included
noise at the input, makes up the total equivalent input noise, which is
multiplied with the LNA gain to make up the noise on the output of the
LNA. Thus making low noise considerations through out the design of
the LNA is important.

Eric A. Vittoz also address noise in amplifiers, in the chapter “micro-
power techniques” from the book [22], where he compares transcon-
ductance and noise from gain cells. He indicates that when the values
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of a inverter is normalized to 1, the differential pair has 1
4 the transcon-

ductance and more than 8 the equivalent noise resistance, and where the
equivalent input noise is more than 9 times larger. This implies that a
simple design like the inverter is less noisy than a design like the differ-
ential pair, which consists of more transistors contributing to the total
noise, and is designed in such a way that the equivalent noise resistance
is large.

3.7 Matching

In traditional RF technology source and load impedances of a transmis-
sion line are matched to the characteristic impedance of the transmis-
sion line to achieve maximum power transfer and minimize reflections.
However this may not be optimal for a pulse based UWB signal [23, 24].
Using a common source configuration, which is a voltage controlled cur-
rent source as a LNA, implies that maximizing the input voltage rather
than power, generates the largest output current. Thus a infinite input
impedance would be ideal to achieve this. The input reflection coeffi-
cient would thus be 1, which implies that reflections appear. But the
reflections would not introduce any problems as long as the electrical
delay between the antenna and LNA is longer than a pulse duration. It
would on the contrary introduce more reflections of a pulse to be used
constructively in symbol detection [7, 8]. An other problem is standing
waves from known interference sources affecting the sinusoidal interfer-
ence ratio (SIR). By co-designing the LNA and antenna the SIR can be im-
proved at frequencies where there are known interfering sinusoids. This
can be done by placing the antenna close enough to the LNA that trans-
mission line theory can be ignored, thus avoiding SIR fluctuations [24].

3.8 Design dimensions

The design was performed in Cadence schematic Composer and Virtuoso
layout editor and simulated in analog environments using Spectre and
Spectre RF. Achieving the optimal balance in dimensions of the tran-
sistors in the different LNA topologies was not precisely calculated in
advance. The design procedure was more in the fashion of optimizing
sizes through simulation. The balance between the transistor sizes was
roughly estimated. The input transistors which is the major contributor
to gain was selected with a channel width of approximately 100µm, and
a channel length larger than minimum in order to reduce short chan-
nel effects. The transistor regulating the tail current of the differential
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pair was designed as wide as both input transistors put together. The
transistors sizes for the current mirror, active load and cascode in the
different topologies were given an initial value of approximately 10 µm
- 20 µm, and further optimized through simulations of each topology
to give the best performance. The resulting sizes of the simulated and
compared topologies are given in appendix A, and with layout of the
telescopic cascode in appendix B.

3.9 Summary

Different amplifier approaches was compared and discussed. The tele-
scopic cascode design were the one that applied most to the require-
ments needed. It gives high frequency and gain performance as required
for the application. The transistor mismatch and parasitics is hard to
predict in fine pitch processes. The parasitic capacitances of the in-
terconnections in particular seem to have major impact on the overall
performance of implementations designed in such technology [25]. By
using large transistors and simulating with large capacitive loads, and
by making the design compact with short interconnections, the impact
of parasitic capacitors and mismatch is reduced. Even if the gain of the
LNA is sufficient in most corners during Monte Carlo simulation, there
are corners where it can not cope. The input of the common source
amplifier is high impedance and does not seem to need any additional
matching when used in UWB-IR applications. The input of the LNA is
level-shifted by a voltage follower of the same design as the one de-
scribed in section 4.2.1.
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Chapter 4

Comparator/Quantizer

The input signal has now been amplified coming from the LNA, and
is still shaped as a dual monocycle. To be able to do any post pro-
cessing on the signal the pulse now has to be converted into a digital
representation, containing the information on the shape of the pulse.
This is usually done by sampling the pulse with a frequency > 2 x in-
put frequency (Nyquist sampling theorem) where the sampling values
are post-processed for signal detection. However in this thesis a solu-
tion with continuous integration and a threshold trigging is preferred
for lower power consumption. The two techniques are briefly discussed
and compared for cons. and pros. Different comparator configurations
are compared for performance, where the major issue is high frequency
operation. The first question is to what extend the incoming, noisy sig-
nal could be quantized by sampling compared to simple thresholding.
The emitted pulse is mixed with significant noise, so looking for a fixed
threshold might not be feasible, either too noisy (low threshold) or too
lossy (high threshold).

4.1 Sampling vs. thresholding

Most receiver structures is based on a sampling scheme like the one
presented in 2.3.2, regarding receiver efficiency. This brings on the obvi-
ous question, which is to what extend a thresholding solution can obtain
sufficient signal detection compared to template mixing. Presented in
this thesis is a signal detection scheme based on two level thresholding
and dual slope verification. The two levels are thresholds triggered by
the upper and lower part of the dual sloped pulse respectively. From
this thresholding there is generated two rectangular pulses, each with
a width relative to the width of the respective slope in the dual sloped
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pulse. This is illustrated in figure 4.1. The relation in time between the
two rectangular pulses is the same as the relation in time between the
upper and lower slope of the original pulse.

By comparing this scheme to the template mixing scheme with a rect-
angular shaped template, the performance of the two could be roughly
equalized. Since the mixing only gives an output within the duration
of the rectangular pulse, and by assuming perfect timing, for the whole
upper slope of a dual sloped pulse. As will the thresholding technique
but independent of timing and the pre-generation of a template, which
also consumes additional power. One could therefore draw a parallel
to the receiver efficiency presented in sub-chapter 2.3.2 and indicate the
thresholding solution to be an improvement in efficiency though under
ideal conditions, and especially since it consist of two level thresholding
a dual slope verification.

4.2 Threshold trigging

The comparators optimal approach would be a design which desirable
has a property of two adjustable trigging levels, and of course high fre-
quency capabilities. By focusing at high frequency operation the obvious
topology is the inverter, which is one of the most high frequency cap-
able circuit topologies. The drawback of the inverter is that its switching
point is hardcoded and difficult to design accurate at the acquired level
due to process variations. The implementation must therefore contain
additional circuits allowing the signal level to be adjusted relative to the
inverter switching point. This implies that the accuracy of the hardcoded
switching point is not an issue anymore, since the level of switching is
relative to the switching point. One way to do this is by adding a series
connected capacitor which works as a blocking capacitor on the line be-
fore the input of the inverter, causing the line between to be isolated in
respect to DC. Thus by adjusting the level of the line above and belove
the level represented by the switching point of the inverter, as illustrated
in figure 4.1.
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Figure 4.1: Illustrating the the parallel trigging scheme for positive and
negative part of the dual sloped pulse, with its digital representations

This enables the possibility to use an inverter with a hardcoded switch-
ing point, hence keeping the high frequency capabilities at the same
time as an adjustable level is acquired. Instead of adjusting the level
of switching in itself, a level shifter approach would make it possible
to adjust the signal offset relative to the hard coded switching level,
hence adding the properties of an adjustable switching level. By using a
balanced inverter the level of adjustment on each side of the switching
point is equal.

4.2.1 Level-shifter

A simple level shifting solution would be to add a differential pair con-
struction as the one in figure 3.4, but modified as a voltage follower,
with its output connected to the isolated line illustrated in figure 4.2.
The high frequency operation of the differential pair amplifier might not
be sufficient to be used as a amplifier (sub-chapter 3.3.1), but its band-
width is higher than 3.1 GHz, which implies that it will filter out the
lower frequency content of the signal. The frequency response of the
Voltage follower coupled differential pair configuration must therefore
be limited to operate at a lower frequency than 3.1 GHz. This can be
done by designing the input transistors smaller and/or slower than in a
regular amplifier design, limiting their gain. An additional option is by
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limiting the tail current of the device and thus limiting the total current
through the device (equation 3.4 and equation 3.5).

4.2.2 Thresholding solution

By using the combined solution with a voltage follower as a level shifter
on the input of the inverter which is DC isolated in respect to the signal,
it is possible to achieve high frequency operation and adjustable level
shifting.

Level in

Vbias1

Isolated line

Le
v

e
l o

u
t

Signal in

Figure 4.2: Showing the schematic of the differential pair amplifier
coupled as a voltage follower and used for level shifting on the isolated
line between the capacitor and inverter.

The proposed combination using a voltage follower introduces a high
pass filter function, relative to the frequency performance of the level
shifter. The high pass filter has an adjustable frequency range relative
to the tail current and operating level. The filter should filter out noise
in an adjustable frequency range up to a level relative to the tail current
and design properties. Simulations of its performance is shown in the
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simulation chapter. After the filtering and thresholding the signal can
be represented as a rectangular shaped pulse. This shape is preserved
by adding buffers or gain stages to an output.

4.2.3 Simulations

The following simulation shows the AC response of the level shifter with
a stepped -3 dB frequency adjusted by tuning the tail current.

Figure 4.3: Simulation of the AC-response of the level shifter to verify
filter function. The bias voltage adjusting the tail current was stepped.

The simulation shows the -3 dB frequency limit to be adjustable between
100 MHz and 500MHz, which is lower than what it should have been for
optimal performance. Ideally it should have been adjustable up to 3
GHz.
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The most important function of the level shifter is simulated in the fol-
lowing DC simulation, where the bias voltage adjusting the tail current
is stepped to see if and how the tail current affects the linearity and/or
offset relative to ideal dc level.

O
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t 
(V

) 

In (V)

Figure 4.4: Simulation showing linearity and offset between the in and
output of the level shifter, by stepping the bias.

The next simulation shows a simulation from a combination of the coup-
ling capacitor, inverter trigger scheme with capacitive feedback and level
shifter. Together making out the complete trigger scheme with adjustable
level. Transistor sizes and layout of the different blocks can be found in
appendix A and B.
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Figure 4.5: Simulation of the trigger schemes AC-response with a unity
gain at approx. 17GHz.

4.3 Pre computation buffers and pulse shaping

The system from the LNA to the signal processing circuit was simulated
to cope with an input amplitude of 10mV. At this level the LNA was op-
erating at its limits, with a gain of approx. 35 dB. The output from the
LNA was not going rail to rail and the combination with a short duration
pulse represented a severe problem, since the signal could not make an
inverter switch properly. This indicated that the signal would die out
after a couple of inverters. The level set on the line was approx 30%
from the rail, but even by adjusting the signal level closer to the switch-
ing point of the inverter to cope with the low gain, it seemed impossible
to obtain sufficient gain from one inverter alone. Different sizes of tran-
sistors (balanced inverter) was tested, but by adding larger transistors a
larger capacitive load is also added, hence it was not a good approach to
make the transistors wider (larger gain) to cope with the issue. A solu-
tion to this was using two relatively small inverters connected in series,
modified with a capacitive feedback from the output of the last inverter
to the input of the first.

The AC coupling between the output and the input increases the dur-
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ation of which the input crosses the inverter switching point, thus in-
creasing the gain, illustrated in figure 4.6. This could cause the output
pulse to be wider than the original pulse, but this is not an issue since it
is the first edge of the pulse that is important for pulse phase recogni-
tion.

Figure 4.6: Showing the schematic of the topology used for additional
gain in one trigger based on inverters

If the feedback was without a capacitor, hence DC coupled to the input,
the trigger scheme would be hysteretic. Any input would have had to
deliver an larger current than the output of the last inverter in order
to shift the input node. This would have caused the level shifter ap-
proach to have a fairly large static current. Hence using the AC coupled
approach seems feasible to this level shifted trigger scheme. The ad-
ditional gain applied by the feedback gave the pulse enough duration
and gain to be able to drive a inverter, but it was at the limit of not
coping. Hence an additional trigger scheme with a level shifter was ad-
ded i series, and with the same level and capacitive feedback as shown
in figure 4.7. In case of any mismatch affecting the gain of the trigger
topologies, this would ensure a sufficient gain.
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Figure 4.7: Showing the schematic of the topology used with dual trig-
ging scheme for additional gain performance.

One issue is the node between the two series connected inverters with
a capacitive feedback (figure 4.6). The node is driven hard and is static
at the rails. This implies that the first inverter must drive the node all
the way between the rails. If the dynamic voltage range on the node
were limited to e.g. ±200 mV in respect to vdd

2 which is the switching
point of the second inverter, the delay from driving the node would bee
reduced, thus the frequency capability of the switching scheme could be
improved.

Further the pulse is shaped with a timed hysteretic function, which fab-
ricates a rectangular pulse of a duration τ equal to the width of one
monocycle (100 ps) for any input. The schematic of the timed hysteretic
function is shown in figure 4.8, where the time is set by the delay through
a chain of inverters. Transistor sizes and layout of the different blocks
can be found in appendix A and B.
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τ

In Out

Figure 4.8: Schematic of the timed hysteretic pulse shaping circuitry,
where τ is a chain of inverters.

The function of this circuit is to work as a hysteretic switch or a “one-
shot”, which gives a output pulse for any input crossing the inverter
threshold, and at the same time starts its own timer (inverter chain) for
resetting itself. This way the pulses constructed will have a duration
relative to the delay in the inverter chain for any input. The pulses on
the two lines is now pre-shaped and ready for the processing part of the
system, where the dual slope is detected and more noise filtered out.

4.4 Summary

By comparing a thresholding circuit for signal detection to a template
mixing scheme, it should be possible to directly relate it to the use of
a rectangular shaped template for mixing. This would make a single
thresholding scheme trigging on one level give the same output as a tem-
plate mixing using a square shaped pulses as template. As the mixing
technique is timing dependent, the thresholding technique is independ-
ent of timing and the pre-generation of a template. Thus it consumes
less power, and is untouched by the issue of timing. The thresholding
solution presented consists of two trigging levels and is combined with
dual slope detection making out the rough shape of the pulse. Limited
by the capability of the technology used for this implementation, the
only possible solution for high frequency trigging on a threshold seems
to be an inverter structure. By using a combination of inverters with
feedback, an isolated line and a voltage follower, it seems possible to
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build an high frequency trigging scheme with an adjustable level. The
requirements for the system to cope with a 10 mV input (to the LNA) is
fairly conservative. By designing a topology that can cope with inputs
down to that level, it will be less vulnerable to mismatch affecting the
gain in the LNA and the functionality of the trigging scheme.

47



4.4. SUMMARY

48



Chapter 5

Pulse processing, dual slope
phase detection and noise
filtering

The dual slope Gaussian pulse and its phase is now represented by two
rectangular pulses propagated on two parallel lines, where the phase
information is represented by the time shift between the pulses. The
triggering on the voltage level of the signal combined with a detection
of the phase would combined make up a rough shape verification of the
pulse. The remaining processing of the signal is phase detection, which
by the representation of the pulse can be realized by using simple digital
logic. A simple digital architecture for phase detection is presented and
discussed with respect to performance.

5.1 Dual slope phase detection

The information on the phase of the pulse is being preserved in the time
difference between the two square shaped pulses, on the two lines. A
configuration for the phase detection mechanism has to be timing re-
lated, so that only one combination of pulses with the right time shift
gives an output. The time shift between the two pulses are a represent-
ation of the Gaussian dual slope pulse, hence the time shift is given in
advance and can be hard coded. One way to do this is by using a simple
logical AND gate with a time delay on one of the inputs seen in figure
5.1, it should be possible to detect the right phase, and by using one
more equal but mirrored solution in respect to the inputs, it is possible
to detect both phases.
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Figure 5.1: Showing the schematic of the digital logic needed for dual
slope detection. Both phases are detected.

A simple AND gate is also a high frequency capable digital gate. And with
a inverted output and one time shifted input it will give an output only
for the right time shifted input. One obvious problem in this topology,
is noise and how it will cope in noisy environments.

The thresholding and pulse processing combined indicate a rough shape
filtering of the received pulse. This meaning that the shape of the noise
signal must be roughly the same as for the pulse itself. If noise for any
reason should make the two phase detectors give an output at the same
time, the pulse detection would be compromised. But by inserting an
logic XOR gate (exclusive-NOR gate with inverted output) it should be
possible to discard the result if both phase detectors gave an output for
positive phase detection at the same time, seen in figure 5.2.

Out

τ

τ

Line 1

Line 2

Line 2

Line 1

Figure 5.2: Showing the schematic of the digital logic needed for dual
slope dual phase detection, with an added XOR to prevent noise from
triggering both phases simultaneously.

The topology in figure 5.2 is the one implemented in the front-end presen-
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ted in this thesis. The output is now a representation of a rough pulse
shape recognition which at this time is represented by a digital output
pulse from the XOR gate. The duration of this pulse is 200 ps and is to
be relayed to the RAKE correlator, but prior to that the duration of the
pulse needs to be shaped according to the properties of the delay line.
This is presented in the following chapter. Transistor sizes and layout
of the different blocks can be found in appendix A and appendix B.

5.1.1 Simulation

The following simulation shows the phase detection scheme with the
noise discrimination in form of a XOR gate disabling the possibility of
two phases to appear at the same time.

Figure 5.3: Simulation of the phase detection scheme where the two
pulses (pulse and pulse delayed) are the two slope representations on
the two lines, where one phase is detected due to the time shifted input
on the AND gates. The possibility of two phase triggers giving output at
the same time is disabled by the XOR gate. The simulation is performed
with a bit duration of 2 ns.
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5.2 Summary

The dual slope detection logic combined with the XOR logic in figure
5.2 is a novel and robust solution based on simple logic. The first stage
correlates the pulse with a delayed version of the pulse on the parallel
path, where the delay reflects the preset time delay between the slopes
in the pulse, illustrated in figure 4.1. A symmetric solution is used for
the opposite phase detection. The topology implements additional noise
filtering by using an XOR gate to combine each slope-phase. By definition
both phases may not occur at the same time, thus if so happen it must
be due to noise and can be rejected by the XOR function.
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Chapter 6

Delay line and pulse shaping

As mentioned earlier most approaches to UWB or impulse radio receiver
front-ends are based on template mixing, where the signal is multiplied
with a template, integrated and quantized. The symbol recovery pro-
cessing is done by signal processing algorithms in the DSP. However,
this architecture is hard to optimize for low power solutions due to very
demanding timing constraints and the high sampling rate required to
process GHz signals. Explored in this thesis is a continuous-time solu-
tion using early quantization and a sampled delay line architecture relax-
ing timing constraints, where the sampling rate is reduced to something
less than 100 MHz. In this chapter the sampled delay line architecture is
presented and related to the pulse shaping prior to the delay line. Also
presented is a implementation which enables the possibility to select
different outputs from the front-end.

6.1 Sampled delay line architecture

The incoming wide-band signal is amplified in a LNA and then imme-
diately quantized. To be able to collect all information in one bin, the
sequence of received impulses is delayed using cascaded inverters for a
delay line, illustrated in figure 6.1. In this way the primary pulse and all
its reflections are located within the delay line at the same time, storing
the recent history of received pulses, making it possible through parallel
sampling of the delay line to extract the signal with its reflections.
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Figure 6.1: Illustrating the pulse and its reflections coming from the
front-end and going through the delay line. The delay line is based on
inverter structures as illustrated in the figure.

The delay line may now be sampled with a 20 MHz - 40 MHz clock and
decoded using parallel correlators in a RAKE arrangement, [7, 8]. The
sampling clock frequency must be directly related to the time between
the emitted pulses, keeping the pulses making out one symbol in the
same finger. An issue here is that keeping the pulses for one symbol
within one finger is affected by frequency drifting between the transmit-
ter and receiver. However the drifting relative to the symbol length is so
insignificant that it can be ignored. This issue is also presented in the
papers [7,8].
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Figure 6.2: Illustrating the length of the delay line and its relation to the
time between the pulse and the last possible reflection.

The length of the delay line and the duration of the constructed pulse
is related to the total amount of fingers in the RAKE constellation and
the time between the first and the last possible received reflection, illus-
trated in figure 6.2.

6.2 Pulse shaping

The duration of the shaped pulse must be matched to the unit-delay
of the delay line shown in figure 6.1. A longer pulse implies a pos-
sible reduction of the sampling clock frequency of the delay line. A
lower sampling clock will reduce power consumption. Then again longer
pulses may mask information carrying reflections for parallel RAKE fin-
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gers illustrated in figure 6.2. A reasonable pulse duration seem to be
1ns [7,8] mostly avoiding masking of multipath components.

TX
RX

τ

49∗τ

Figure 6.3: Illustrating the relation between the delay line and the first
and last reflection in a transmission environment.

The duration of the pulse must be short enough not to mask out reflec-
tions at the same time as the total length of the delay line is proportional
to the timespan between the first arriving pulse and the last possible re-
flection. The 1ns length of the constructed pulse and the 49 ns length of
the delay line implicates that the reflections used are located within the
timespan of approximately 30 cm to 15 m (in vacuum) apart from the
original pulse, illustrated in figure 6.3.

6.3 Output buffers, pulse-shaping and output selec-
tion

The high frequency signal detection is now complete and the output is
a result of the verification process, and the pulse is shaped in respect to
the delay line. To be able to choose between different outputs from the
front-end, such as only one of the phases, both, or even the signal before
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phase detection, it is necessary to implement a switching possibility.
This is not only feasible for testing a prototype, but could also be used
as a possibility to filter out and use e.g only one of the phases. To
apply this property a eight to one multiplexer (MUX) was implemented
in the design. The MUX is a pre designed element available in the design
kit. This enables a selection scheme of signal routing to the input of
the rake receiver. The shaping of the pulse to 1ns which attends to a
frequency of 1 GHz is a better frequency of operation for the MUX, thus
making the operation of the MUX more reliable [26]. The load applied
by the input of the MUX varies between 2.3 fF - 2.4 fF depending on
which of the inputs that are used. To make sure there is no driving
issues due to parasitic capacitors and load at the input of the MUX, a
buffer is added in between the pulse shaping circuit and the MUX. The
buffer is added prior to all inputs of the MUX. The buffer used is the
same as the one used to drive the pads, thus capable of driving the load
provided by the MUX. Details on the schematic and layout of the buffer
is in appendix A and appendix B. The MUX is a 8 to 1 out configuration
which makes it possible to choose 8 different outputs to the delay line
and RAKE receiver configuration, as illustrated in figure 6.4.
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Figure 6.4: Illustrating the MUX and the input signals used in the imple-
mentation.

The signals chosen are the output from the phase detection after the
XOR gate (nr 1), output from the phase detector for both phases (nr 2
and 3), output from both lines before the phase detection (nr 5 and 6),
output from an alternative phase detection circuit (nr 7 and 8) and a
output from an AND function between the two last mentioned outputs
(nr 4). All signals are shaped with respect to the delay line (1 ns). The
output from the MUX is then buffered up to be able to drive the load on
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the input of the delay line.

In the next chapter all the different topologies priorly described are com-
bined making out the front-end UWB-IR receiver.

6.4 Summary

By using a sampled delay line architecture with a fairly low sampling
frequency compared to a template mixing scheme, the power dissipation
is reduced. The issue of timing relative to synchronization is almost
annulled due to the relative insignificant drifting in one symbol time
period, described in the papers [7,8]. Using a sampled delay line enables
the utilization of reflections constructively as signal gain. The use of a
MUX to enable the selection of which signal to be sent to the RAKE is
a implementation especially useful for testing purposes on a prototype
chip, as this is.
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Chapter 7

Complete system and chip I/O

Presented in this chapter is the implementation of a combination of to-
pologies presented in former chapters. The combination makes up the
complete front-end implementation, which is discussed and simulated
to confirm its performance. The implementation is a prototype, which
makes the implementation of test nodes important for the later meas-
urement process for verification of the chip functionality. The test nodes
used are presented.

7.1 System

This topology utilizes a simple level trigging, pulse shape and phase veri-
fication for signal detection and verification. The design can due to its
pulse shape detection and XOR implementation be capable of filtering
out a significant amount of noise. By assuming transmitted pulses to be
a sequence of a charge of one polarity followed by the charge of a oppos-
ite polarity and by using pseudo random sequences and statistic symbol
recovery in the RAKE constellation. The level of discrimination achieved
by the front-end circuit can be sufficient to obtain an adequate SNR in
an AWGN channel. The front-end approach uses no sampling clock for
template mixing and should therefore consume less power than tem-
plate mixing front-end approaches. The complete system to be designed
on-chip is shown in figure 7.1, where the MUX prior to the delay line is
not illustrated.
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Figure 7.1: The system simulated to confirm functionality.

The input to the system is the level-shifted line to the LNA in figure
3.5, where the level-shifter (LS) will add a high pass filtering property
to the signal suppressing low frequency noise. This filtering might not
be sufficient and it can therefore be feasible to add an external filter
outside the chip, removing noise outside the operating band of 3.1 GHz
-> 10.6 GHz before the signal is amplified. The filter should also be
designed to mask out the 5.8 GHz sinusoidal interferer. Transistor sizes
and layout of the different blocks implemented in the system can be
found in appendix A and appendix B.

7.1.1 Simulation

The system functionality was simulated with an input pulse amplitude
of 10 mV. The results shown in figure 7.2 indicates a sufficient gain in the
amplifier and the trigger buffer circuits to operate with an input signal
of 10 mV in amplitude. The simulation results also show the signal pro-
cessing scheme with dual slope detection and noise discrimination. This
simulation was performed at the amplitude limit for the LNA to be cap-
able of generating a rail to rail signal swing. The simulation is performed
under ideal circumstances with no noise, but in a realistic environment
with noise, the amplitude level of the input signal is increased up to a
normal level for UWB impulse radio applications, which is 3 dB - 10 dB
above the noise level. This means that the LNA gain is fairly high com-
pared to the input signal, however, the LNA gain can easily be adjusted
to the level which is required within the band of operation. By using a
RAKE receiver for correlating a pseudo random sequence of pulses, the
front-end seams to deliver a feasible level of noise discrimination for
UWB impulse radio communication [7,8].
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Figure 7.2: Shows a simulation of the processing where the green graph
is the input to the LNA, the yellow is the output from the LNA, blue and
red is the detection of the two phases (output from AND gates), purple is
the output from the XOR and black is the output from the pulse shaper.

The simulation in figure 7.3 shows the complete circuit starting from
the bottom trace. The lowest trace in black is input signals with com-
plementary phases. The input dual monocycle has an amplitude of only
10 mV (modulated in MATLAB). The next trace is green and is the out-
put from the LNA. As the signal is split, the next two traces exhibit the
output from the complementary slope detectors each detecting the dif-
ferent slope phases. Where the “pre-trigg” trace is the level shifted signal
at the input node of the threshold element. The “post-trigg” is the node
after the first threshold element and “post trigg 2” is the signal after
the second threshold element used as a gain stage. “High-slope” and
“Low-slope” are the outputs on each line after additional buffers. The
purple and yellow traces are the two phase detector outputs, and the
green trace at the top is the output from the XOR gate where one phase
is verified as detected. The black trace at the top is the output after
shaping the pulse to 1 ns.
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Figure 7.3: front-end processing simulation results
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Power consumption is estimated for the dual monocycle input. If as-
sumed three reflections for each pulse and 25 pulses (50%) for each
symbol containing 50 bits sampled in the delay line at 20 MHz. The
total power consumption adds up to 8.4 µw. Since it is assumed that
50% of the symbol contains pulses and they all are followed by three
reflections each, it adds up to be a fairly conservative estimate, though
under ideal circumstances.

7.2 Chip I/O

For a designer to be able to verify the design through measurement it
is necessary to add testing points in the circuit. Enabling verification
for functionality of isolated parts of the implementation. An easy way
to add a variety of outputs and save pads is to use a MUX, adding the
property to choose between a variety of signals as output. To apply this
function an eight to one multiplexer (MUX) is implemented in the design,
seen in figure 6.3. For the verification of the chip a total of 10 different
outputs are selected which is two apart from the ones coming out from
the MUX. The two additional outputs are in case the MUX does not work.
The MUX and the two outputs are the ones referred to as number 5 and
6 connected to the MUX in section 6.3. These signals are buffered up and
sent directly to two output pads. This means that there are three output
pads. Adding the MUX also makes it possible to choose which signal to
route to the delay line. The line after the last buffer is split-up in two
lines, where one goes to the delay line and the other goes to another
buffer. This buffer is for driving the load from a output pad so that the
signals can be analyzed off chip.
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Figure 7.4: Shows the silicon implementation with inputs and outputs
highlighted

7.3 Pads

The output pads needed are three, where one is for the MUX output and
two are for the two separated output lines prior to the MUX. The required
inputs are two (one pr line) because of the level for the level shifters, six
because Vdd and Gnd are separated on the level shifter on the input, the
LNA and the rest of the circuit. Three for the MUX code, one for the level
shifter level on the input and two for the star connected ground and
shielding. This is a total of seventeen pads. All I/O signals are labeled
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in figure 7.4, where the decoupling capacitors on the DC signals also are
visible. The schematics of the system in figure 7.4 were simulated with
added capacitors, representing the parasitic capacitors gained due to
interconnection lines and layout planning. Hence organizing the layout
in such a way that interconnection lines reduce parasitic capacitors is
essential.

7.4 Summary

The previously presented circuit topologies was combined in a system
making up the front-end. The implementation of the complete front-end
topology was simulated as a system to verify the functionality. By using
a MUX in the design, several different testing points could be added
without using a large number of output pads.
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Chapter 8

Implementation

The front-end topology are to be implemented on the same piece of sil-
icon as the RAKE receiver, together making up an UWB impulse radio
receiver using a spatial RAKE for continuous symbol correlation. This
implies a mixed mode implementation which implies a lot of precau-
tions to be taken regarding noise. In this chapter different isolation
techniques used in the implementation are presented. The organization
of the different parts of the design on the silicon, and the location of
the die in the package combined with package and bonding scheme is
discussed.

8.1 Isolation techniques

Due to the high frequency operation, low power supply and sensitive
circuit in a mixed mode design, on-chip isolation becomes an essential
part of a design setting the limits of operation regarding noise [27]. On-
chip isolation is a function of many independent variables, thus different
isolation techniques is combined, adding up to the total level of isola-
tion [27]. There are a variety of different isolation techniques available.
High speed and low leakage technologies often add properties enabling
additional isolation techniques such as substrate doping level and triple
well isolation. Most fine pitch processes are triple well or so called “deep
Nwell” processes. The technology used for this implementation is a 0.12
um process from STM distributed by CMP [28]. The process is a triple
well process including properties of high speed switching and low leak-
age implementation. The triple well technology also provides an import-
ant isolation property making it possible to design isolated wells.
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8.1.1 Applied isolation techniques

By using the triple well isolation the analog circuits are isolated from the
digital switching circuits. The triple well enables the design of buried
layers “NISO” which combined with surrounding deep Nwells isolates an
area of p−. Thus by placing a design in the isolated p−area and in the
Nwell, it is isolated from from the substrate noise as illustrated in figure
8.1.

-p

-p (isolated)N-well

(deep)

N-well

(deep)

NISO (buried layer)

Figure 8.1: Illustration of how the deep n-wells and buried NISO layer
creates an isolated section of p− .

Examples of the effect from using triple well isolation reveals a gain of
roughly 20 dB in isolation for a frequency of 10 GHz. The effect is in-
creasing for lower frequencies [27]. The triple well is applied in two dif-
ferent places, one isolating the LNA from substrate, and second isolating
the trigging and processing circuit with buffers from substrate. The ana-
logue and digital circuits and isolated wells have separated power rails
and power pads to ensure maximum isolation from noise on the power
supply and from each other. Nearby generated noise from switching
and noise generated externally can be reduced by applying decoupling
capacitors, thus lowering the noisy peak currents. This essentially helps
isolate sensitive circuits which no longer see the same noise levels. On-
chip decoupling capacitors are added for all DC signals and power lines,
separated decoupling for each signal. The size of the capacitors wary
from 2 pF to 10 pF. Adding shielding for sensitive lines and passive
components, providing isolation from on and off chip generated noise is
a part of designing effective analog/RF IC layout. The challenge of using
shielding is often to determine the layer and potential of the shield [27].
Added in the design is separated shields in metal6 above the LNA design,
threshold trigging circuits and the rest of the front-end design.
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LNA Thresholding Phase detection Pulse shaping Buffers
MUX

Figure 8.2: Showing the silicon implementation of the front-end with the
LNA, thresholding, phase detection, pulse shaping(1ns), buffer and MUX
circuitry highlighted.

All analogue lines and power lines are also shielded, this is done using
horizontal parallel lines in metal 6 which is up to two times wider than
the line its shielding. All the shielding and the ground references from
the decoupling capacitors are star coupled in a few separated ground
pads. Adding a shield necessarily also means adding parasitic capacit-
ors, which in the case with the analogue, and power lines is a positive
contribution adding up as a decoupling capacitor.

The few pads used as star-coupled ground from shielding and decoup-
ling is off-chip star coupled together on the PCB with the other ground
pads. Star coupling ground is a technique commonly used to reduce
noise due to large ground currents [29]. The separated supplies and
ground for the different circuits are all coupled into separated pads.
As mentioned earlier the level shifting circuit also adds in as an isola-
tion/noise reduction factor in the design by high pass filtering the signal,
presented in chapter 4.2. One of the most critical parts of the design re-
garding noise is the LNA which is located at the input of the front-end
therefor contributing with amplified noise to the rest of the system [20].
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8.1.2 LNA isolation and noise reduction

The main contributions of noise from an amplifier design as proposed
in chapter 3.5 is discussed in the same chapter, but noise contributions
from the power source can also be a problem in a LNA design. Noise con-
tributions from all analog inputs are reduced by adding shielding and
decoupling capacitors, the input to the LNA is shielded and should have
a filter added externally. When addressing a LNA and noise from power,
a commonly used expression is Power Supply Rejection Ratio PSRR. PSRR
defines the amplifiers sensitivity to noise in the power supply, represen-
ted as the level of noise contributed on the output of the amplifier. The
noise contribution from the power supply is reduced by adding decoup-
ling and shielding to the power, where the Vdd and Gnd are assigned
separate pads from other supplies. Noise reduction from substrate is
reduced by placing the design inside an isolated well, presented in the
sub-chapter 8.1.1. The degree of isolation this provides together with a
shielding in metal 6 on top of the LNA, separated from other circuits,
should reduce the impact of noise on the amplifier.

8.2 System implementation

The complete design and implementation were based on a technology
from STM, which is the 0.12um CMOS process distributed by CMP [28].
The pad and packages discussed are also the ones provided in the design
kit from CMP. Implementing any system on silicon requires planning,
and since this design is implemented on the same piece of silicon as the
RAKE receiver created by an other designer, it is important that trade
offs are discussed so the final solution can be in everyones favor. The
one major question is how to in a best possible way organize the dif-
ferent designs on the silicon utilizing the area in a best possible way.
This is of course dependent of the number of pads used in the design,
and the total size of the design implemented, but by effectively utilizing
the silicon area the production cost is reduced. And since producing
prototypes in silicon is not cheap, it makes cost an important issue.

The area available for implementation is set by the number of pads in
the pad-frame, which in this case is 74 pads. In the implementation the
size of the RAKE structure was dominating the placement on the silicon,
limiting the possibilities to organize the structures inside the pad-frame.
This is also because the input on the RAKE and the output of the front-
end had to be located close to each other. In figure 8.3 the different
designs and placement is highlighted together with the critical signal
paths, which together limited the options of organizing the designs on
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the silicon. It is worth mentioning that the unused space at the top and
bottom left could have been better utilized, for instance by placing larger
decoupling capacitors there.

Input LNA Front end Input to timedelay line RAKE

Figure 8.3: Showing the silicon implementation with highlighted areas
as front-end, RAKE, input to LNA and input to delay line.

The highlighted signal paths are the input from the antenna, the path
between the front-end and the delay line on the RAKE receiver. The
output of the front-end is located at the upper left corner of the RAKE
receiver, which is where the input of the delay line is located. There is of
course a trade off to place the front-end design that close to the RAKE,
where the signal path is short.

The switching noise from the transistors in the RAKE can be significant
and raise the level of noise substantially compared to having the two
designs more separated. Placing the designs in near proximity of each
other helps in making the implementation compact and smaller in size,
and thus reducing the cost of production. Using the noise countermeas-
ures presented in section 6.1. and by making a compact design placing
the front-end close to the RAKE the cost is reduced, the length of the
signal path is kept at a minimum and presumably the higher level of
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noise will have little or no impact on the functionality on the design.
The previously described capacitors used as decoupling capacitors are
pre designed and a part of the design kit. This capacitor is designed as
a finger capacitors using all 6 metal layers where the orientation of the
fingers are rotated by 90◦ for every second layer, combined with poly
and an active region at the bottom connected to ground makes the ca-
pacitor symmetric in operation and compact in design. The capacitors
are quadratic in design and thus easy to implement as space fillers. The
organizing of the capacitors is visible in figure 8.3 as the square shapes
surrounding the front-end in the upper left corner. All the signals paths
going in and out of the circuit is connected to a pad, which is organized
in a pad-frame.

8.2.1 Pad and package selection

The I/O and power pads for the design need to be selected for their
properties relative to the outputs and inputs to and from the circuit. All
I/O pads and the necessary power pads for the frame makes up the pad-
frame. The design rules for the pad-frame regarding power pads [30] for
the frame in combination with the I/O pads, implies planning to obtain
a short as possible path for critical signals. This applies especially for
the input to the LNA, and the front-end outputs where the pulse width
is 1ns implying 1 GHz, but also the eight outputs from the RAKE having
a signal frequency of minimum 160 MHz [8]. The total I/O and power
pads needed for the circuit inside the pad-frame were 56, leaving 18
pads used for power pads to the pad-frame itself. The pad-frame power
pad scheme was described in pad-frame design rules from CMP [30]. The
56 pads is a mix of digital and analogue I/O pads, power pads for the
circuit inside the frame and a specially designed RF-pad, seen in figure
8.4 where the parasitic capacitance is reduced, for use on the input to
the LNA. This pad was specially provided to us from CMP on demand.
The different available pads were compared and chosen due to noise
properties, ESD protection, applied load and driving properties such as
high frequency operation. Details on the different pads can be found in
reference [31].
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RF-PAD

Figure 8.4: Showing the combination of the RF-pad and the pad rails
used. The RF-pad is the connection point marked by the red circle.

All the pads used are of the type ISV which stands for Isolated substrate
and Split Vdd. By using this type of pads the supply to the pad-frame
and the circuits within is totally separated from each other. This way
the effect of switching noise from the digital pads containing buffers
is reduced. This especially applies to the analog signals and sensitive
power lines as the one to the LNA. Assembling the pad-frame according
to CMP rules and implementing the design inside the frame, finishes
up the die part of the silicon. Remaining is the selection of a package,
the placement of the die inside the cavity and the bonding scheme to
be used. CMP have several different packages available, which can be
combined with a variety of bonding schemes. Deciding which package to
use mostly depend on two variables, one, the cost of the implementation
and two, the frequency properties of the package. The package selected
is not the only problem when operating at high frequency. By using
bonding threads to interconnect the package with the pads on the die
a fairly large inductor is applied, changing the frequency characteristics
of the connection from the package to the pad.

Details on the compared bonding schemes and packages can be found
in reference [30]. By comparing the different combinations it is clear
that the flip-chip bonding scheme where the bonding threads is avoided,
combined with the Plastic Ball Grid Array (PBGA) package is the best
solution regarding high frequency performance. The only problem to
this combination is the cost, which for this prototyping is totally unac-
ceptable. The PBGA package could just be combined with the flip-chip
bonding scheme, thus the PBGA package also had to be rejected. The die
and the package have to be interconnected by bonding threads, making
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it possible to use all other packaging options. The package LCC 84 was
selected for its combination of frequency performance and acceptable
implementing costs. The most sensitive signal line on the whole chip is
the input from the antenna to the LNA, thus taking precautions when
placing the die in the package is important. The best solution for die
location inside the package is to place the die with the RF input to the
LNA as close as possible to the respective package interconnection in the
cavity, thus making the bonding thread short and reducing the inductor
effect. This was rejected by CMP as a breach in their rules regarding die
placement in the cavity.

Figure 8.5: Shows the bonding scheme and die placement in cavity used
in implementation.

The rules imposes the die to be placed in center of the cavity, leaving
the only option to achieve a short bonding thread by using the cavity
interconnection directly facing the RF input pad on the die. The package
with the die and bonding threads implemented are shown in figure 8.5.
The die implemented in the package is not quadratic like the cavity, so
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using a package with 84 connections leaving 10 unconnected, makes it
easier to achieve a reasonable bonding scheme combined with a short
bonding thread to the RF input. While the pads, bonding threads and
package introduces large inductors and capacitors, the circuit was not
simulated in a test bench where these effects were accounted for. The
simulations are presented in the next chapter.

8.3 Summary

The different isolation techniques used, and the location of the differ-
ent designs on the silicon combined with the low noise design of the
pad-frame should ensure low noise operation. Even if the best possible
package and bonding scheme were not used, the utilization of the pack-
age and bonding scheme available relative to the die placement rules is
probably optimal. By using a specially designed RF-pad for the input
signal to the LNA, the parasitic capacitance distorting the input signal is
reduced.
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Chapter 9

Measurements and preparations

In this chapter the different measurement results are presented, briefly
discussed and compared to theory and simulations. The design of the
PCB used for measurements and the measurement setup is also presen-
ted.

9.1 PCB design

As most of the functions to be tested on the chip required additional
high speed electronics for signal generation and IO, it proved necessary
to design a print circuit board (PCB) especially to comply with the high
frequency requirements. The design of the PCB was carried out with
software from Cadence. It consists of a four layer print with epoxy resin
laminate called FR4 described in reference [32]. As seen in appendix E
additional antenna and filter structures were implemented on the PCB.
The antennas and filters make it possible to test the front-end and rake
receiver using a wireless link. Before using the antennas, the dual slope
pulse will be shaped by a strip shaping PCB using a edge from a rectan-
gular shaped pulse as input. Since this thesis does not consist of peri-
pheral designs outside the chip, the antennas, filters and pulse shaping
PCB designs have been copied from [33, 34, 35, 36, 37], and is thought
used for testing purposes only.

9.2 Measurement setup

By designing a PCB a lot of different testing possibilities was made pos-
sible. A illustration in figure 9.1 shows the interconnections to the PCB
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and some different lab equipment which can be utilized for analyzing
signals coming from the PCB.

Power

supply

Computer with

   FPGA card

   Oscilloscope

4-channel 20Gs/s

 SMA connectors

           and

RG-400 coax cable

BNC cables and shielded

BNC connectors for main 

power supply (    5V)

k

       Matched impedance 

    connector (MICTOR) and

152-pins cable (BLUE RIBBON)

   custom made for MICTOR 

   connector and FPGA card

Figure 9.1: Illustration of PCB and interconnections with different avail-
able lab equipment.

The different interconnections in the illustrations show that the main
power connections are well shielded reducing the amount of noise picked
up by the power cables. By using SMA connectors and a dual shielded
RG-400 coaxial cable for PCB readout, the signal integrity should be pre-
served. The 152-pins cable and matched impedance connector (MICTOR)
enables readout of all fingers in the rake receiver (50 fingers) to a FPGA
card which can collect the received information and enable the raw data
to be post processed and analyzed in software.

The illustrations of the different measurement setups used and instru-
ment lists can found in appendix D.

9.3 Measurements

The circuit should ideally be tested with input pulses of different phase,
length and amplitude, and with different levels of added noise to verify
the circuitries functionality. By using the available lab equipment it was
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hard to generate the dual slope pulse, and could therefore not be used
to generate measurement results. Even though, there were several other
ways to test some of the functionality of the circuits implemented. The
threshold and pulse shaping circuit can be tested by sending a signal
through the level shifter, thus the signal affects the level on the isol-
ated line in the thresholding inverter structure. By using a signal with
square shaped pulses at a frequency of 10 MHz the thresholding circuit
should give output for the levels above or belove the inverter threshold,
depending on which of the lines is used.
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Figure 9.2: Measurement of a square shaped pulse at 10MHz trigging
the inverter threshold through the level shifter, making the line1 pulse
shaper generate pulses.

Figure 9.2 and 9.3 shows that the thresholding circuit give output for
positive or negative part of the square shaped pulse depending on which
line the output is from. As seen from the figures, the output is oscillat-
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ing. This is caused by the pulse-shaping circuit, which generates output
pulses continuously for a high DC input. The output pulses are not
square shaped and does not go rail to rail, this is caused by insufficient
driving properties in the output buffers, compared to the parasitic capa-
citors gained by interconnection lines, pads, package, PCB line and cable.
It is worth mentioning that the output signal is approximately 200-300
mV higher by measuring it with a probe on the output pin on the chip.
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Figure 9.3: Measurement of a square shaped pulse at 10MHz trigging
the inverter threshold through the level shifter, making the line2 pulse
shaper generate pulses.

To be able to test whether the LNA and RF-pad works, it is necessary to
emit a signal through air and receive it through the PCB antenna struc-
tures. A 1GHz sinusoidal wave is generated from a signal generator and
emitted through an attached antenna.
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Figure 9.4: Measurement of a 1GHz sinusoidal wave emitted from an
antenna attached to a signal generator, causing a continuous pulse gen-
eration from the line1 pulse shaper.

Figure 9.4 shows that the 1 GHz sinusoidal wave causes a continuous
trigging on the line measured on. Worth mentioning is that the continu-
ous sinusoidal wave generates no signal on the pulse verification output,
which should give a output only if one phase is detected. This is because
the time displacement between the pulses generated by the 1GHz input
is larger than the one generated by a dual sloped monocycle. This im-
plies that the noise discrimination added by the XOR-gate is functioning,
but to test if it really is working, a dual sloped pulse should be received.
When this was hard to do a different way to trigger the dual slope detec-
tion had to be used. By emitting a signal through the level shifter it was
possible to test whether the thresholding elements were functioning. So
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by using slightly different clocks on the two lines it should be possible
to induce a pulse phase verification. By using two 10MHz clocks where
one is inverted and slightly shifted in respect to the other, it was pos-
sible to induce the output from the dual slope one phase detection. the
measurement results is shown in figure 9.5.
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Figure 9.5: Shows the measurement of the induced dual slope detection
and one phase verification using two clocks for trigging.

Though these measurement results only show the rough functionality of
the front-end, it shows that the thresholding and pulse shaping works.
It also gives an indication on the XOR discrimination, and the buffers
insufficient driving properties.

In the next measurement, the threshold on one of the lines has been
swept from 410mV to 490mV. The input signal is a 10MHz square shaped
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waveform with an amplitude of 10mV. The signal is sent through the
level-shifter.
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Figure 9.6: Shows the measurement of a threshold sweep from 410mV
to 490mV.

This last measurement shows that there is a lot of noise triggering the
signal in the first steps of the sweep, and as the threshold closes in on
the inverter switching point, the noise dominates the trigging.

9.4 Summary

To be able to measure the chip and to reduce the effect from noise, a
PCB was designed for this prototype chip. Though the lack of available
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equipment for measurement, prevented the possibility to test the front-
ends performance, it was possible to test some main functions. Through
measurements different functions of the front-end was verified, and it
was clear that the buffers lacked sufficient performance.
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Chapter 10

Discussion and conclusion

10.1 Discussion

Through the complete thesis the template sampling scheme has been
compared to the presented thresholding scheme, which also has been
implemented. It is clear that the threshold scheme spends less energy on
the symbol detection than the sampling scheme, since it is not waisting
energy generating templates at high frequencies, neither does it utilize
a DSP. The question is whether the thresholding is a more effective sig-
nal detection scheme than the template sampling. A comparison is done
in section 4.1 where a single threshold level is compared to a perfectly
timed template sampling using a rectangular shaped template. So by
having a time independent thresholding, it alone can be an improvement
to using rectangular shaped pulses for sampling. The signal detection
scheme presented in this thesis is a combination of two thresholds (one
for each slope) and a phase detection by using the time displacement
between the slopes in a simple digital calculation. This combination
results in the detection of a rough pulse shape, which is a rough approx-
imation of template sampling with an analogue template equal to the
shape of the received pulse, presented in section 2.3.2. The template
sampling scheme using an analogue template have the advantage of get-
ting an analogue mixing result, which for the thresholding scheme only
gives a rough digital template representation, but with analogue time
displacement representation. The thresholding scheme has an advant-
age on any template mixing scheme by being timing independent, thus
synchronization is not an issue in signal detection.

The fact that the high frequency operation of this implementation is at
the limit of what the technology used offers, implies it is very sensitive
to mismatch and parasitic effects unaccounted for by the designer and
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10.1. DISCUSSION

design tools. Due to the operation at the process limit a general problem
in the complete implementation was getting sufficient gain.

The fact that the design process lacks parasitic extraction can be a seri-
ous problem. This can be roughly accounted for by the designer apply-
ing additional capacitors in the interconnections between the different
blocks and transistors in the design. During the development of fine
pitch processes the oxide layer has become thinner, and as a result of
this development the parasitic capacitors in interconnection lines in the
silicon implementation is increasing. This issue has been explored in a
book published this year [25]. The tendency described in the book indic-
ates a interconnection parasitic increasing exponentially from approx.
200nm and down, causing a larger delay than the gate delay. This de-
pends on which metal that is used for wiring. With the missing parasitic
extraction in combination with the absence of process parameters such
as oxide thickness, it turned out to be a difficult task to make a qualified
guess of parasitic effects.

The design process turned out to be a much longer and complicated pro-
cess than first expected. This was due to lack of design-kit support from
the distributors, a lot of software and design-kit compatibility problems
and the fact that CMP demanded a design with no DRC errors what so
ever.

In the chapter regarding the LNA a lot of important issues were ad-
dressed, but there is one in particular regarding matching and UWB-IR
applications. The discussion on designing the antenna close enough to
the chip, eliminating transmission line effects for the known interfer-
ing frequencies and at the same time longer than a pulse duration. For
the 5.8 GHz WLAN carrier this can be problematic, since its wavelength
is close to the duration of a Gaussian monocycle (dual sloped). Thus
it must be preferable to design the antenna as close as possible to the
chip to avoid standing waves, but at the same time loosing the property
of reflections through a cable longer than a pulse duration. In addition
to this it is preferable to add a filter to eliminate the 5.8GHz frequency
and other frequencies outside the band, and since pulse reflections are
always added from the environments, the loss from not getting reflec-
tions in the transmission line is probably insignificant.

The LNAs frequency response in figure 3.5 shows that the peak amp-
litude of more than 40dB in gain is at approximately 2 GHz. With a
frequency response that low, noise as in other sinusoidal interferer’s
within the amplifiers frequency response will cause a lot of problems,
and probably make the thresholding and pulse shaping circuit gener-
ate pulses continuously. Traditionally LNA design contains inductors
and capacitors to improve the low noise and high frequency perform-
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10.1. DISCUSSION

ance, but designing inductors and capacitors on chip demands a lot of
area. In this thesis the LNA is designed without using capacitors and
inductors, this is done on purpose to see what performance it is pos-
sible to obtain without using traditional design techniques. But there
is probably a trade-off between area usage due to inductors and capa-
citors and performance in such designs. The simulation of the LNA in
different corners reveals that the LNA performs poorly in some corners,
especially for low temperatures and weak NMOS corners. This can partly
be explained by the need to adjust the bias voltage as the temperature
changes, but it is also a weakness in the design.

The thresholding and pulse-shaping circuit is designed to give an output
on a broken threshold, where the output is a square shaped pulse with
the duration equal to the duration of one slope of a dual monocycle.
The implemented approach will probably only work in noise free envir-
onments, where the only signal braking the threshold is received pulses.
It could probably cope with some level of noise, if the noise does not
cause trigging with a duration larger than the duration for one slope of
the dual sloped pulse.

As for the design of the output buffers, the parasitic estimation failed.
This resulted in a output signal from the chip with an amplitude that is
lower than Vdd, as seen in the measurement results.

The Idea of using single impulses and no carrier in signal emission is
in itself a very interesting way to do radio communication. And though
spark gap radio was among the first kind of radio technologies invented,
it did not survive the competition from narrow-banded technologies. It
is now interesting to see that the development of radio communication
and regulation enables the use of broad banded impulse radio commu-
nication. As UWB-IR can be developed to effectively utilize the spectrum
between 3.1 GHz to 10.6 GHz it seems possible to obtain low power
high bandwidth communication links for short range communication,
but there is also an other approach. As mentioned in the introduction
the IEEE 802.15.4a standard addresses low power and low data rates in
the size of hundreds kbps for short range communication. The proposed
architecture in this thesis is a low power approach and can be a possible
solution to a front-end used in such applications. There is of course a lot
of improvements that need to be done, but the idea of using threshold-
ing, pulse shape and phase detection for pulse verification utilizing no
clock is a promising solution. The combination of a spatial RAKE re-
ceiver for statistical symbol correlation using reflections constructively,
is an interesting low power approach where e.g. longer symbol length is
a trade-off to bit rate, but also an improvement in SNR.
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10.1. DISCUSSION

10.1.1 Proposal of improvement

The design presented in this thesis is the first prototype implemented
in silicon, and as most other first prototypes there is much room for im-
provement. The most fundamental problem is that the CMOS technology
used in this implementation seems to be too slow, so using a better or
finer pitch process can facilitate the high frequency operation needed.
Another fundamental improvement is to use design tools that are com-
patible with the design kit, thus making it possible to extract parasitic
capacitors from layout.

Regarding the design there are also many major improvements that can
be done, one is to add Automatic Gain Control (AGC) to the LNA and
automatic level and biasing control to the thresholding circuit, reducing
the amount of analogue control lines. This could also reduce the noise
impact. One important issue in the LNA design is to add a current mirror
controlling the active load, thus reducing the early effect. The LNA can
also be improved by reducing its frequency response outside the band of
operation. The ideal response would of course be located only within the
3.1 GHz to 10.6 GHz band. The input of the LNA could also be filtered
through a band pass and band stop filter, reducing the effect of inter-
ference from outside the band with the band pass filter, and reducing
the effect from the 5.8 GHz frequency with the band stop filter. There
is probably a trade-off to pulse shape distortion by adding a band stop
filter within the band. The design of the LNA should also be improved
so that it provides sufficient gain in all corners during simulation, even
if some of the poor corner results in low temperature probably is caused
by the need of bias and probably input level adjustment.

Another improvement should be to design a threshold and pulse-shape
generation scheme that generates a output pulse not only if the threshold
is broken, but if the duration of the pulse crossing the threshold is equal
to the duration a slope from a dual sloped pulse should have. A improve-
ment to the pulse shape recognition can also be done by adding a multi
threshold scheme using several separated threshold levels. And by using
the different thresholding results to correlate for a rough analog shape
of the pulse, a more accurate pulse shape verification can be done. This
is possible to do without using sampling clocks. There could also prob-
ably be added more processing in the front-end, e.g. correlation against
a ternary code (-1, 0, 1) to verify a received pulse sequence as a probable
bit in a symbol, and it can all be done without using sampling clocks.

From the measurement results it is obvious that the output buffers in the
design is to weak, but by designing the buffers with a few more stages,
they should be able to cope with the parasitic capacitors gained from
interconnection lines and pads.
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10.2. CONCLUSION

To ensure the functionality and performance of the implementation it
should be simulated not only with the correct parasitic capacitors gained
by interconnections between building blocks and to pads. But it should
be simulated with the parasitic effects from the pads, bonding thread
and package, which all represent large inductors and capacitors in par-
ticular. Simulations should also include more excessive noise, corner
and Monte-Carlo simulations to verify functionality within process vari-
ation and temperature.

When it comes to testing and measurement, the proposed receiver scheme
should first of all be tested by receiving dual sloped pulses to verify the
detection scheme. For a improved version of the receiver it needs to
be tested in an AWGN channel and dense multipath channel, since it is
more likely that the proposed receiver works in an AWGN channel. It
may experience problems in a multipath channel as the shape of the
pulse may not be ideal due to the inter-pulse interference. This also ap-
plies to interference from the 5.8 GHz WLAN carrier, which can mask
out the signal and in worst case cause continuous trigging on one of the
phases. This issue can be improved by implementing filtering masking
out known “noisy” parts of the frequency spectrum, like the 5.8 GHz
WLAN band.

10.2 Conclusion

The UWB-IR front-end presented in this thesis was found feasible for sev-
eral reasons. First of all it is a pure CMOS implementation and low power
approach enabling signal detection without utilizing a sampling tem-
plate and/or high frequency clocks. The contribution of the rough pulse
shape and phase recognition, which is a rough approach to the ana-
logue template sampling scheme, though with respect to timing between
pulses and pulse duration only. It is also unaffected by timing/synchronization
issues. The front-end presented is a pre-conditioner for a sampled delay
line RAKE receiver, which combined makes up a novel low-power UWB
impulse radio receiver. The combination utilizes symbol transmission
designed for lossy data using pseudo-random sequences and cross-correlation
for statistical symbol recovery. The implementation of the rough pulse
shape verification also enables the use of several modulation techniques
like MBOK, PAM and dual slope coding. The complete front-end is a
simple topology mostly based on inverter structures and simple logical
gates. This makes it high frequency compatible and relatively simple to
implement.

Though this UWB-IR front-end might seem feasible, simple and power
saving, there are several possible improvements. One is that the de-
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10.2. CONCLUSION

tection technique needs to be tested in a AWGN channel and multipath
channel to see if it can cope with the disturbance from other transceiv-
ers causing inter symbol interference. It should also be tested in a noisy
channel with narrow banded communication like the 5.8 GHz WLAN,
which might be used in the same environment as an UWB-IR transceiver,
used for short range communication. The implementation being the first
prototype for testing and measurement, needed a lot of adjustable ana-
logue inputs to be able to verify the functionality of the circuit, but for
a functional receiver structure all the gain levels and thresholds should
be adjusted automatically by implementing functions like AGC in the
design.

In general the pulse verification function implemented in this prototype
is probably not sufficient enough to obtain the required noise discrim-
ination. However, improving the verification process by implementing a
multi threshold scheme could result in a more analog verification pro-
cess, which again implies a higher factor of discrimination. The level of
discrimination can also be improved by adding more processing to the
front-end.

The work on the UWB-IR front end presented in this thesis is combined
with a spatial RAKE receiver to make up a UWB-IR receiver. During the
work on the thesis, there has been three publications based on this re-
ceiver approach. One publication was at WOWCAS in 2004, one has been
accepted for publication at ICU 2005 and one publication has been pre-
pared and is pending publication at NORCHIP 2005. Through the public-
ations it is verified that the UWB-IR receiver is a substantial contribution
to the research on UWB-IR technology. All publications can be found in
appendix F.

The implemented topology certainly needs improvements and further
development in order to obtain the required functionality and perform-
ance. However the idea of using a front-end with thresholding elements
which can detect and verify a rough pulse shape continuously at high
speed without the use of a mixing template or a sampling clock. By
using the front-end as a pre-conditioner for a spatial RAKE receiver for
real-time symbol correlation and utilization of signal reflections, is cer-
tainly worth further investigation and research as it can be a promising
approach for low power and short range communication.
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Appendix A

Schematic with transistor sizes

In this chapter the different topologies transistor sizes are presented,
including the transistor sizes for the compared and simulated LNA to-
pologies.
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Figure A.2: Overview of the transistor sizes in the thresholding topolo-
gies implemented. The sizes of the transistors in the inverter is the size
for all inverters in the design, except from the buffers. The values C1
and C2 is the size of the two blocking capacitors, where C1 is the one
connected to the output of the LNA and C2 is the one in the additional
gain stage. C3 is the feedback capacitor which has a size of 1aF
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Figure A.3: Overview of the transistor sizes in the two pulse shaper to-
pologies, where the only difference is the length of the element τ , which
consists of a chain of inverters with sizes described in figure A.2. The
buffer presented is designed with a fan out of 2, which makes up a total
of 6 inverters.
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Appendix B

Layout blocks

In this chapter the layout from all single blocks used in the design is
shown. The layout pictures are exported from Cadence Virtuoso layout
editor for each block.
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Figure B.1: Shows the layout of the inverter used in the design.
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Figure B.2: Shows the layout of the voltage follower used in the design.
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Figure B.3: Shows the layout of the capacitor used in different sizes the
design.
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Figure B.4: Shows the layout of NAND gate used in design together with
the inverter to make up the AND gate.
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Figure B.5: Shows the layout of the NOR gate used in design together
with the inverter to make up the OR gate.
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Figure B.6: Shows the layout of the XOR used in the design.
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Figure B.7: Shows the layout of the LNA used in the design.
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Figure B.8: Shows the layout of the pulse shaper which is implemented
and used to shape pulses prior to the phase detection.
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Figure B.9: Shows the layout of the pulse shaper which is implemented
and used to shape pulses to 1ns prior to the output.
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Figure B.10: Shows the layout of the small buffer which is implemented
and used between some blocks internally in the front-end.
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Figure B.11: Shows the layout of the output buffer used in the design.
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Appendix C

Additional simulations

In this chapter all the additional simulation results are shown. The two
first simulation results are simulations generated with the same testing
environments as for the similar measurement results presented in sec-
tion 9.3. The other simulations are Monte Carlo simulations on the five
typical corners with temperatures of 0, 30 and 60 degrees Celsius for
the LNA gain in the operating band.
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Figure C.1: Shows the simulation results from sending a square shaped
waveform in through the level-shifter.
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Figure C.2: Shows the simulation results from receiving a 1GHz sinus-
oidal waveform as input to the LNA.
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Figure C.3: Shows the Monte Carlo simulation results from an AC simula-
tion run on the LNA with process, mismatch and temperature variations
in the corner typical. The temperatures are 0, 30 and 60 degrees Celsius.
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Figure C.4: Shows the Monte Carlo simulation results from an AC simula-
tion run on the LNA with process, mismatch and temperature variations
in the corner fast PMOS fast NMOS. The temperatures are 0, 30 and 60
degrees Celsius.
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Figure C.5: Shows the Monte Carlo simulation results from an AC simula-
tion run on the LNA with process, mismatch and temperature variations
in the corner slow PMOS slow NMOS. The temperatures are 0, 30 and 60
degrees Celsius.
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Figure C.6: Shows the Monte Carlo simulation results from an AC simula-
tion run on the LNA with process, mismatch and temperature variations
in the corner fast PMOS slow NMOS. The temperatures are 0, 30 and 60
degrees Celsius.
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Figure C.7: Shows the Monte Carlo simulation results from an AC simula-
tion run on the LNA with process, mismatch and temperature variations
in the corner slow PMOS fast NMOS. The temperatures are 0, 30 and 60
degrees Celsius.
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Appendix D

Instrument list

Measurement setup

Pin-chart for chip

Instrument list

The following table is an inventory list of the instruments used during
measurement.

Measurement setups

Some different measurement setups are illustrated below, using the in-
struments from the inventory list. Two pictures of typical measurement
setups and a lab environment picture are also added.

Pin-chart for chip

Presented here is the overview of the pins on the chip used by the design
presented in this thesis.
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Type of instrument Producer/Name Name Specs.

Triple output DC Power supply Hewlett Packard E3631A 0-6, 5A / ±25V, 1A
Triple output DC Power supply Hewlett Packard E3631A 0-6, 5A / ±25V, 1A

Oscilloscope Agilent Infiniium 54855A DSO 6GHz 20GSa/s
Signal generator Hewlett Packard 8648A 10kHz-1000MHz

Functional/Arbitrary Waveform generator Agilent 33220A 20MHz
Functional/Arbitrary Waveform generator Agilent 33250A 80MHz

Amplifier Picosecond pulse labs Linear Amplifier Model 5867 15GHz
Spectrum analyzer Rohde & Schwarz Signal Analyzer FSQ 26 20Hz-26.5GHz

Probe Hewlett Packard HF-Probe 85024A 300kHz-3GHz
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Power

supply

   Oscilloscope

4-channel 20Gs/s

33250A

Waveform

generator

Output from

       MUX

                    10 MHz 

                     Waveform added at

                      level input on line2

rectangular

Figure D.1: Illustration of the measurement setup used where the level
on one line is trigged by emitting a 10MHz square shaped waveform
through the level-shifter.
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4-channel 20Gs/s
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8648A

Signal generator

Output from

       MUX

1 GHz Sinusoidal

      Waveform

Figure D.2: Illustration of the measurement setup used where a 1 GHz
sinusoidal waveform is amplified and emitted from an antenna. The
signal is received by the antenna at the RF input pad.

118



Power

supply

   Oscilloscope

4-channel 20Gs/s

33250A

Waveform

generator

Output from

       MUX

                    10 MHz 

                     Waveform added at

                      level input on line2

                      and line1 and with a 

                      small phaseshift 

                      between them

rectangular

33220A

Waveform

generator

Sync

Line 1

Line 2

Fig
u

re
D

.3
:

Illu
stratio

n
o
f

th
e

m
easu

rem
en

t
setu

p
u

sed
w

h
ere

th
e

level
o
n

b
o
th

lin
es

is
trig

g
ed

b
y

em
ittin

g
a

1
0
M

H
z

sq
u

are
sh

ap
ed

w
avefo

rm
th

ro
u

g
h

th
e

level-sh
ifter.

O
n

e
w

avefo
rm

is
slig

h
tly

p
h

ase
sh

ifted
in

re-
sp

ect
to

th
e

o
th

er
m

ean
t

to
cau

se
a

syn
th

etic
situ

atio
n

fo
r

trig
g
erin

g
th

e
d

u
al

slo
p

e
d

etectio
n

.

1
1
9



   O
scillo

sco
p

e

4
-ch

a
n

n
e

l 2
0

G
s/s

5
8

6
7

A
m

p
. 8

6
4

8
A

S
ig

n
a

l g
e

n
e

ra
to

r

1
 G

H
z S

in
u

so
id

a
l

      W
ave

fo
rm

S
p

e
ctru

m
 a

n
a

ly
ze

r

F
S

Q
2

6

Figure D.4: Shows the measurement setup for testing if it was possible
to generate dual slope pulses by using a pulse-shaping micro strip struc-
ture.
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Figure D.5: Shows two typical measurement setups.
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Figure D.6: Shows the lab environment.
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Pin NR Description Pin NR Description

5 MUX bit C 51 LNA VDD
6 MUX bit B 52 LNA Vbias 1
7 MUX bit A 53 LNA Vbias 2

10 Pad-frame VDDIO 60 Decoupling GND
11 Pad-frame GND 61 RF input pad
16 Pad-frame GND 62 VDD level-shifter RF-in
17 Pad-frame VDDSIO 63 Vlevel level-shifter RF-in
26 Pad-frame GND 64 Vbias level-shifter RF-in
27 Pad-frame VDDIO 65 GND level-shifter RF-in
39 Pad-frame GND 66 LNA GND
40 Pad-frame VDDSIO 67 Vbias level-shifter L2
41 Pad-frame GND 68 Vlevel level-shifter L2
42 Pad-frame VDDIO 69 Decoupling GND
43 Output from MUX 70 Pad-frame VDDIO
44 Output from Line 1 71 Pad-frame GND
45 Pad-frame VDDIO 72 Output from Line 2
46 Pad-frame GND 73 Pad-frame VDDIO
47 Stage 2 VDD 74 Pad-frame GND
48 Stage 2 GND 75 Pad-frame VDDSIO
49 Vbias level-shifter L1 76 Pad-frame GND
50 Vlevel level-shifter L1

Table D.2: Shows the pins which is necessary to use for testing this
design, the rest of the pins are used by different designs or not connec-
ted.
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Appendix E

PCB details

In this chapter the different connection points and details on the PCB is
presented by using a picture with numbers on each element, which are
further explained in table E.1. A picture of the PCB with a minimum num-
ber of connection points needed to test the front-end presented in this
thesis, together with some antenna structures used in measurement are
also presented. The last picture also contains the strip-line attempted
used for pulse shaping.
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Figure E.1: Shows the PCB with index markings related to tableE.1.
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index description index description index description

1 RF-input SMA connector 8 MUX output (SMA) 15 VR for PCB 3.3V
2 VR for level and bias on LSs 9 VR for VDDSIO 16 MUX bit selection
3 VR for LNA biases 10 VR for VDD RAKE 17 Line 2 output (SMA)
4 VR for vdd level-shifter in 11 VR for VDDIO 18 Adj. LS in and line2
5 VR for VDD stage 2 12 MICTOR connector 19 Adj. LS line1 and LNA
6 VR for VDD LNA 13 POWER in +5V
7 Line 1 output (SMA) 14 POWER in -5V
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Figure E.2: Shows the PCB with minimum connection points and antenna
structures used during measurement. Top left is the pulse shaping strip-
line tested for generating dual sloped monocycles.
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Appendix F

Publications

In this chapter the publications related to this thesis are presented,
where the first one is published, the second one is accepted for pub-
lication and the third one is prepared and pending for publication.

Tor Sverre Lande, Dag Wisland, Claus Limbodal and Kjetil Meisal.
CMOS UWB Receivers
Presented at the Workshop On Wireless Circuits And Systems WOWCAS
at the University of British Colombia, Vancouver Canada 2004 May 21-
22.

Claus Limbodal, Kjetil Meisal, Tor Sverre Lande and Dag Wisland.
A Spatial RAKE-Receiver for Real-Time UWB-IR Applications
Accepted for publication at the IEEE International Conference on Ultra-
Wideband ICU2005 in Zurich Switzerland September 5-7.

Kjetil Meisal, Claus Limbodal, Tor Sverre Lande and Dag Wisland.
CMOS Impulse Radio Receiver Front-end
Prepared for submission at NORCHIP 2005 Oulu Finland November 21-
22.
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CMOS UWB Receivers

Tor Sverre Lande, Dag Wisland, Claus Limbodal and Kjetil Meisal

WOWCAS, Vancouver Canada, 21-22 May 2004
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A Spatial RAKE-Receiver for Real-Time UWB-IR Applications

Claus Limbodal, Kjetil Meisal, Tor Sverre Lande and Dag Wisland

ICU, Zurich Switzerland, 5-7 September 2005
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CMOS Impulse Radio Receiver Front-end

Kjetil Meisal, Claus Limbodal, Tor Sverre Lande and Dag Wisland

NORCHIP, Oulu Finland, 21-22 November 2005
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Glossary

Glossary

AGC Automatic Gain Control

AWGN Additive White Gaussian Noise

Bi-CMOS Bipolar Complementary Metal Oxide Silicon

BPSK Binary Phase Shift Keying

CMOS Complementary Metal Oxide Silicon

DSP Digital Signal Processing

EIRP Effective Isotropically Radiated Power

ESD Electro Static Discharge

ETSI European Telecommunications Standards Institute

FCC Federal Communications Commission

GPS Global Positioning System

HF High Frequency

LNA Low Noise Amplifier

MBOK M-ary Bi-Orthogonal Keying modulation

MOSFET Metal Oxide Silicon Field Effect Transistor

MUX Multiplexer

OFDM Orthogonally Frequency Division Multiplexing

PAM Pulse Amplitude Modulation

PAN Personal Area Network
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PBGA Plastic Ball Grid Array

PCB Printed Circuit Board

PN Pseudo Noise

PPM Pulse Position Modulation

PSD Power Spectral Density

PSRR Power Supply Rejection Ratio

RF Radio Frequency

RMS Root Mean Square

Si-Ge Silicon Germanium

SNR Signal to Noise Ratio
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