ACSP - Analog Circuits and Signal Processing

Pieter A. J. Nuyts
Patrick Reynaert
Wim Dehaene

Continuous-Time
Digital Front-Ends
for Multistandard
Wireless
Transmission

@ Springer



Analog Circuits and Signal Processing

Series editors

Mohammed Ismail, Dublin, USA
Mohamad Sawan, Montreal, Canada

For further volumes:
http://www.springer.com/series/7381


http://www.springer.com/series/7381

Pieter A. J. Nuyts - Patrick Reynaert
Wim Dehaene

Continuous-Time Digital
Front-Ends for Multistandard
Wireless Transmission

@ Springer



Pieter A. J. Nuyts Patrick Reynaert

Tri ICT ESAT-MICAS
Zaventem KU Leuven
Belgium Leuven

Belgium
and

Wim Dehaene
ESAT-MICAS ESAT-MICAS
KU Leuven KU Leuven
Leuven Leuven
Belgium Belgium
ISSN 1872-082X ISSN 2197-1854 (electronic)
ISBN 978-3-319-03924-4 ISBN 978-3-319-03925-1 (eBook)

DOI 10.1007/978-3-319-03925-1
Springer Cham Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013956436

© Springer International Publishing Switzerland 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



To Ineke
My friend, my love, my companion



Preface

The book you’re holding, physically or electronically, is the result of a very
interesting, challenging but also rewarding research project. The research was
carried out in different contexts and cooperations but it was centered around the
following question: how can we make the RF transmitters of our modern com-
munication systems (WiFi, GSM, LTE, and so on) more flexible and more efficient
at the same time. We engaged on a digitalization route to realize this. What this
means in terms of digital modulation is the subject of this book. This modulation
problem is treated in many of its dimensions: we make high-level system con-
siderations, go through the system’s mathematics, and proceed all the way down to
implementation in 65 and 40 nm standard CMOS.

You read this well. There are a lot of different abstraction levels in this book. It
is our strong belief that this is the only way to come to optimal solutions. Keep the
different abstractions in place to handle complexity. However, try to think as much
as possible across the levels to find the co-optimization opportunities. For the topic
of digital RF, anything else simply does not make sense. What may look mathe-
matically very attractive is not always implementable. Straightforward imple-
mentations often don’t meet the performance requirements. System-circuit
co-design is the answer in that case. Also RF-PA and digital modulator co-design
is required. We set first steps in this.

Research these days is per definition collaborative: Ph.D. students interact with
their advisors, together they interact with interested industrial partners, and so on.
Only when there is sufficient match in these interactions, the research outcome will
be both scientifically relevant and industrially applicable. In this context, the
authors would like to thank Franz Dielacher and Peter Singerl from Infineon
Austria for their continuous support and belief in our work. Even when the work
was rather academic or heavily mathematical they kept up the encouragement and
made us go on in the direction needed in their industrial applications. This
cooperation was essential in the realization of the results we are presenting in this
manuscript. Special thanks also go to Brecht Frangois for his cooperation in
making the link with the domain of RF power amplification.
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viii Preface

Dear reader, we hope you enjoy reading this book as much as we enjoyed the
research that led to it.

Leuven, October 2013 Wim Dehaene
Pieter A. J. Nuyts
Patrick Reynaert
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Symbols

Non-alphanumerical Symbols and Operators

xEu) * y(u)

x*(u)
X (1)

XXy

Convolution of x(u) and y(u) (see Sect. A.2)
Complex conjugate of x

Complex conjugate of x(u)

nth convolution power of x(u) (see Sect. A.5)
X is proportional to y

Functions and Operators

atan2(-)
7{}
7}
In(+)
xmod y
P{}
B}
Zx(f)
Re{-}
sgn(-)
sinc(+)
o(-)
1(:)

Four-quadrant arctangent function (see Sect. A.3.4)
Continuous Fourier transform (see Sect. A.1)

Inverse continuous Fourier transform (see Sect. A.1)
Natural logarithm

Modulo operator (remainder after integer division x/y)
Average power in a signal or spectrum (see Sect. A.6.1)
In-band power in a signal or spectrum (see Sect. A.6.2)
Power spectral density of signal x(z) (see Sect. A.6.1)
Real part of a complex number

Signum function (see Sect. A.3.3)

Sinc function (see Sect. A.3.1)

Dirac delta function (see Sect. A.4)

Rectangle function (see Sect. A.3.2)

Signals and Their Spectra

a(t)
[ (t)
ajo (t)
antp(?)

A(f) Amplitude signal

Ani(f) Upper half of 3-level PWM signal

Ao (f) Lower half of 3-level PWM signal

Ante(f) NTEPWM output with levels 0 and 1 ( = amplitude signal after
NTEPWM)
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Xvi Symbols

Aot (1) Aout(f) Output amplitude after pulse shrinking
aq(t) Aq(f) Quantized amplitude signal
agNre(t) Agnre(f) Amplitude signal after quantization and NTEPWM
b(r) B(f) PWM input in range [—1, 1]
bnpe(7) Bonpp(f) Differential NDEPWM output with levels 0 and +1
bnpp (l‘) Bxpp (f) NDEPWM output with levels £1
Z’NDP(t) Bop(f) Part of bxpp(f) centered at foym (= first harmonic = fundamental
component)
bnre(t) Bnre(f) NTEPWM output with levels £1
i,NTP(;) Bxp f) Part of byrp(?) centered at foum (= first harmonic = fundamental
component)
bupp (t) Bupp (f) UDEPWM output with levels 1
bure(t) Bure(f) UTEPWM output with levels £1
c(1) c(f) Unmodulated RF carrier
csq(?) Cy(f) Unmodulated square-wave RF carrier
dy Duty cycle of the kth PWM period (discrete-time signal)
din (1) Din(f) Ideal duty cycle corresponding to input 0;,(f) (without pulse
shrinking)
dow (1) Dout(f) Output duty cycle after pulse shrinking
g(1) G(f) Complex envelope (see Sect. 2.1.2)
H(f) A% loop filter transfer function
i(r) I(f) In-phase signal
NTF(f) AX noise transfer function
p(1) P(f) Phase-modulated RF carrier (PMC)
p+(1) P.(f) Positive-frequency part of P(f) (centered at f;)
p—(t) P_(f) Negative-frequency part of P(f) (centered at —f.)
Dsq(1) Py (f) Phase-modulated square-wave RF carrier (square-wave PMC)
Psq.q.s(f) Psgqs(f) Square-wave PMC with quantized and sampled phase
q(t) o(f) Quadrature signal
STF(f) AX Signal transfer function
Tk Pulse width in the kth PWM period (discrete-time signal)
u(r) U(f) AX Modulator input
(1) V(f) General modulated RF carrier (RF output signal)
Voo (1) Voo (f) RF output signal of baseband PWM modulator considered in this
work (square-wave RF carrier modulated with quantized baseband
NTEPWM signal and quantized and sampled phase signal)
Vifia (1) Vitia(f) Ideal differential RF PWM signal
f’rf,id (l) Vd,id (f) In-band part of Vif id (l)
Vi ia+ (1) Vit iar (f) Ideal single-ended RF PWM signal also positive component of
Vet id ()
IA/’,'fA’idJr (l) Vrf,id+ (f) In-band part of Vif id+ (t)
Vet id— (1) Vitia— (f) Negative component of vy ;q(7)
Vit g (1) Vieq(f) Differential RF PWM signal with quantized outphasing angles
Vit qs () Vit qs (f) Differential RF PWM signal with quantized and sampled outphasing
angles

¥(1) Y(f) AX modulator output
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Anrpal(t
Antppv(1)
ANTP qV(t)
Antpsqv (1)
ANTP SV(I)
Antp V(1)
Aqa(t)
Aqﬁhv(z‘)
Aqp(1)
Agqv(1)
Aq sav(f)
Aqsv(t)
A v,f(z)
Agxv(t)
Agy(1)
Aq(/)(t)
[Aqq)}”(t)
[w”](t)

AF(f)
MnP(f)
Vi (f)

An®(f)
An[@™](f)
An[YT(f)
An[Y](f)
AntrA(f)
AntenV(f)
AntegV(f)
AntpsqV(f)
AntesV(f)
AntexV(f)
A4A(f)
AgnV(f)
A4P(f)
AqqV(f)
AgsV(f)
A4V (f)
AqxV(f)
44Y(f)
44®(f)
[449] (1)
Aq[®™](f)
44¥4(f)
) [AY]7()
Aq[P1(S)
43¥-(f)
) (421"
Aq[P](f)
47V(f)
4sP(f)
A4P(f)
AVie (f)

AS‘A/rf(f)
4,0(f)

xvii

See (3.55)
See (3.60)
See (3.61)
Error on 7(¢) due to amplitude modulation using RF TEPWM
Phase error due to amplitude modulation using RF TEPWM
FM signal
In-band error caused on PMC by phase sampling
In-band error caused on RF PWM signal by sampleand-hold
operation
In-band error caused on ¢(t) by sample-and-hold operation
In-band error caused on ¢"(t) by sample-and-hold operation
In-band error caused on /| () by sample-and-hold operation
In-band error caused on " (¢) by sample-and-hold operation
Error on amplitude signal due to NTEPWM
Antpa(t) - Anp(t)
Antea(t) - Aqp(t)
Antpa(t) - Asgp(t)
Antea(t) - Asp(t)
Antea(t) - p(t)
Quantization error on amplitude signal
Aqalt) - 4up(0)
Error on PMC due to phase quantization
Aqalt) - Aqp(0)
Aqalt) - Aq (1)
Aqalt) - Ap(1)
Error on RF PWM signal due to quantization
qalt) - p(@)
Quantization error in AX modulator
Quantization error on phase signal
nth power of 44¢(t)
Error caused on ¢"(t) by quantization
Quantization error on \/_ (¥)
nth power of Aqy, (1)
Error caused on /| () by quantization
Quantization error on _ ()
nth power of Aqy_(r)
Error caused on y" (7) by quantization
Error caused on v(¢) by RF PWM
Out-of-band spectral repetitions on PMC due to phase sampling
Error caused on p(f) by using a square-wave carrierr
Out-of-band spectral repetitions on RF PWM signal
due to sample-and-hold operation
In-band part of Agv(r)
Out-of-band spectral repetitions on ¢(¢) due to sampleand-hold
operation
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Xviii

A1)

Symbols

A D) Out-of-band spectral repetitions on ¢" () due to sample-and-hold
operation
AJPT)(f)  Out-of-band spectral repetitions on ¥/, (f) due to sample-and-hold
A[P™)(f)  Out-of-band spectral repetitions on " (¢) due to sample-and-hold
AxnV(f) a(t) - Anp(1)
AxqV(f)  alt) - Aqp(t)
AxsqV(f) a(t) - Asgp(t)
A5V (f) a(r) - Ap(t)
Outphasing angle (see Sects. 2.3.3 and 3.5.2)
Outphasing angle at chip input (after predistortion)
Input to shared phase modulator in Chap. 6 (equal to either ¢(t) or

¥ (1)

Variable time shift to implement phase modulation
D(f) Phase signal
Dy(f) Quantized phase signal
Dy(f) Quantized and sampled phase signal
Di(f) Sampled phase signal
Y. (f) RF PWM outphasing angle equal to ¢(z) + 0(z)
Y_(f) RF PWM outphasing angle equal to ¢(t) — 0(r)
Yor () Quantized version of ()
Y- (1) Quantized version of _(7)

Yot (f) Quantized and sampled version of (1)
W (f) Quantized and sampled version of ¥_(r)

Other Symbols

Ay,
Ap
A;

Jfe
fOSC

Pelgrom constant for Vy

Pelgrom constant for f§

Pelgrom constant for propagation delay t

Bandwidth of the complex envelope g(f) and the quadrature signals i(t)
and ¢(#) in baseband (i.e. the RF bandwidth of the RF signal v(¢) is 2B)
Capacitance

Speed of light

Load capacitance

PWM duty cycle

Duty cycle of the kth PWM period

Delay from the input of a delay line to the nth output (i.e. after n delay
elements)

Differential nonlinearity of the nth delay element

Euler’s number (e ~ 2.7183)

Interpolation factor in delay element with resistive interpolation
Independent frequency variable

RF carrier frequency

Oscillator frequency
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Symbols

I pwm
ﬁ‘ef

fres,A
Jreso

fs
fsim
fr‘max
i

I ctrl
INL,

PAPR

Xix

PWM frequency (fpwm =1/ prm)

Baseband PWM reference frequency (frer = fpwm/2)

1 / Tres,A

1 / Trex,(p

Sampling frequency

Sampling frequency of the Matlab simulator

Highest sampling frequency present in a system

Often used as summation index, in particular for multiples of f; or fowm
Delay control current

Integral nonlinearity from the input to the nth delay line output

The imaginary unit (> = —1)

Process transconductance (k = uCox where p is the charge carrier
mobility and Cyy is the gate oxide capacitance per unit area)

Often used as summation index, in particular for multiples of f.
Transistor length

Inductance

Often used as summation index, in particular for multiples of f; or fowm
Minimal allowed transistor length

Number of PWM levels minus 1 (e.g. for 3-level PWM, M = 2)
Number of delay elements in a delay line or ring oscillator (also used
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Often used as summation index, in particular for Taylor series terms
Number of delay elements used for amplitude modulation

Number of delay elements used for phase modulation

Oversampling ratio

p effect parameter (the smallest even number for which f, /f; is a multiple
of 1/p; see p. 87-89)

Peak-to-average power ratio

Number of amplitude quantization steps

Amplitude quantization step

Number of quantization steps for the outphasing angle 0(r)

Number of phase quantization steps

Phase quantization step

Resistance

Equivalent drive resistance of a transistor or gate
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Load resistance
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Pulse width

Independent time variable

RF carrier period (Tc = 1/fc)

Fall time

Pulse width in the kth PWM period
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Standard deviation of Vr
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AC
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AM
AMDR
AMO
ASK
AWG
BB
BPF
BPSK
CFT
CMOS
CPE
DAC
dBm
DC
DCO
DEPWM
DLL
DNL
DRFC
DSP
DTC
DU
EDGE
EER
EVM
FF
FFT
M
FP

FS
GaAs

“Alternating current” (meaning nonzero frequencies)
Analog-to-digital converter
Amplitude modulation

AM dynamic range

Asymmetric multilevel outphasing
Amplitude shift keying

Arbitrary waveform generator
Baseband

Bandpass filter

Binary phase shift keying
Continuous Fourier transform
Complementary MOS

Cross point estimation
Digital-to-analog converter

dB with respect to 1 mW (0 dBm =1 mW, 10 dBm = 10 mW, etc.)

“Direct current” (meaning frequency f = 0)
Digitally controlled oscillator

Double-edge PWM

Delayed-locked loop

Differential nonlinearity

Digital-to-RF converter

Digital nonlinearity

Digital-to-time converter

Digital upconverter

Enhanced Data rates or GSM Evolution(communication standard)

Envelope elimination and restoration

Error vector magnitude (see Sect. A.8)

Fast-fast process corner (fast nMOS and pMOS)
Fast Fourier transform algorithm

Frequency modulation

Full power signal (signal with PM but no AM)
Fast-slow process corner (fast nMOS, slow pMOS)
Gallium arsenide

XXiii
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GPS
GSM

HBT
HDL
ICFT
INL

INS

LAN
LEPWM
LO

LPF

LSB

LTE
MOS
MSB
NDEPWM
nMOS
NPWM
NTEPWM
OFDM
OOK
OSR

PA

PAE
PAPR
ParBERT
PCB
PCDR
PDM
PLL

PM

PM,

PMC
pMOS
PMy
PMyy
PM.

PNDEPWM
PNPWM
PNTEPWM
PSD

PSK

Acronyms

Global positioning system

Global System for Mobile communications (originally Groupe
Spéciale Mobile) (communication standard)
Heterojunction bipolar transistor

Hardware description language

Inverse continuous Fourier transform

Integral nonlinearity

Integral noise shaping

Local area network

Leading-edge PWM

Local oscillator

Lowpass filter

Least significant bit

Long-term evolution (communication standard)

Metal oxide semiconductor (transistor)

Most significant bit

Natural-sampling DEPWM

n-channel MOS transistor

Natural-sampling PWM

Natural-sampling TEPWM

Orthogonal frequency-division multiplexing

On-off keying

Oversampling ratio

Power amplifier

Power added efficiency

Peak-to-average power ratio

Parallel Bit Error Rate Tester

Printed circuit board

Power control dynamic range

Pulse-density modulation

Phase-locked loop

Phase modulation or modulator

Phase modulator used for the baseband PWM implementation in
Chap. 6 (applies the phase ma(r))

Phase-modulated carrier

p-channel MOS transistor

Phase modulator used to apply the phase 0(t) in Chap. 6
Phase modulator used to apply the phase 20(t) in Chap. 6
Phase modulator shared between the baseband and RF PWM
systems in Chap. 6 (applies the phase ¢ (t))
Pseudo-natural-sampling DEPWM
Pseudo-natural-sampling PWM

Pseudo-natural-sampling TEPWM

Power spectral density

Phase shift keying
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SDR
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UPWM
UTEPWM
VCO
VHDL
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XNOR
XOR
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XXV

Process, voltage, and temperature (variations)
Pulse width modulation

Quadrature amplitude modulation

Quadrature phase shift keying

Radio frequency

Root-mean-square

Read-only memory

Surface acoustic wave (filter)

Software-defined radio

Slow-fast process corner (slow nMOS, fast pMOS)
Switched-mode power amplifier

Signal to noise and distortion ratio (see Sect. A.7)
Software radio

Slow-slow process corner (slow nMOS and pMOS)
Time-to-digital converter

Trailing-edge PWM

Time-of-arrival

Time-of-flight

Typical-typical process “corner”
Uniform-sampling DEPWM

Universal Mobile Telecommunications System (communication
standard)

Uniform-sampling PWM

Uniform-sampling TEPWM

Voltage-controlled oscillator

VLSI (very large-scale integration) HDL
Wideband code division multiple access (used in the UMTS
standard)

Wireless local area network

Inverting XOR gate

Exclusive OR gate

Delta-sigma



Chapter 1
Introduction

1.1 Situation and Motivation

Wireless communication technology is constantly gaining importance. Through the
availability of affordable laptops and certainly cell phones and smart phones, it now
plays an important role in the daily life of billions of people. In 2007, the number of
cell phone subscribers worldwide was estimated to be about 3.3 billion or about 49 %
of the Earth’s population [6, 23], and in Europe there even were more cell phone
subscriptions than people, with about 1.1 subscription per person [6]. During 2007,
1.2 billion cell phones were sold worldwide [19].

In addition to basic cell phones (so called feature phones), smart phones are
steadily becoming more powerful and more popular. In 2007, for the first time more
smart phones than laptops were sold worldwide [19] with a year total of 116 million
smart phones. Back then, forecasts predicted around 500 million smart phones for
2013 [19], but at the beginning of 2013, almost 920 million smart phones are expected
to be sold throughout the year, which means that for the first time smart phone sales
will surpass those of feature phones [12]. Current forecasts [12] predict 1.5 billion
smartphones being sold during 2017, which would be about 2/3 of the total cell
phone market.

While the number of users keeps growing, users also transmit increasing amounts
of data year after year. To accommodate for this, new communication standards
emerge constantly in order to achieve higher data rates and accommodate new types of
functionality. Furthermore, new frequency ranges are regularly allocated to increase
the amount of data that can be transmitted and to allow multiple standards to coexist
without interfering.

Modern advanced wireless devices, such as smart phones or tablet computers often
support multiple communication standards such as GSM, UMTS (3G), LTE (4G),
wireless LAN (WLAN), Bluetooth, GPS, etc. For historical reasons, the same stan-
dards often use different frequency bands in different geographical regions. A good
example of this is the GSM standard for mobile telephony, which operates at 900 and
1800 MHz in most of Africa, Europe and Asia, but at 850 and 1900 MHz in Canada

P. A. J. Nuyts et al., Continuous-Time Digital Front-Ends for Multistandard 1
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and the USA [20, 21]. This means that even a basic European cell phone needs to
support two frequency bands, and in order to also have coverage in North-America,
three or four bands are required. Clearly, more advanced devices need to support
even more frequency bands. In addition to this, wireless devices need to be limited
in size and cost and must be efficient in terms of power consumption in order to have
a long battery lifetime.

Different standards impose entirely different specifications on a device. For exam-
ple, GSM devices may need to transmit relatively high output power (up to 2 W [20])
in order to reach the nearest base station which in rural areas might be several kilo-
meters away. Meanwhile, the required data rate is only about 270kbit/s [20] since
only a voice signal needs to be transmitted. A WLAN transmitter, on the other
hand, needs much lower output power since the WLAN modem is usually located
within tens of meters from the transmitter, but has to achieve very high data rates
(currently tens to hundreds of Mbit/s [22]) in order to provide a fast internet connec-
tion. Therefore, WLAN transmitters need much more accurate modulators than GSM
transmitters. Because of these differences as well as the different frequency bands,
optimal transmitters and receivers for different standards can be very different.

This can be solved by including a separate chip for every communication standard.
However, this makes the devices large and expensive and requires separate chips to
be designed every time a new communication standard appears. It would be more
convenient if a single chip could be designed that can be reconfigured to meet the
specifications of different standards. This requires less area and results in reduced
design and production costs. Furthermore, in the ideal case, new standards can be
added simply by modifying the software in order to configure the chip in a different
way. This is called software radio (SR) or software-defined radio (SDR) depending
on the degree of flexibility (see below).

The subject of this book is situated in the area of single-chip multistandard trans-
ceivers. Most wireless devices include both transmitters and receivers in order to
transfer information in both directions (a notable exception is, for example, a GPS
receiver which does not need to transmit any information). While the concepts of
SDR and SR apply to both transmitters and receivers, this book focuses on the trans-
mitter, and more specifically, on the RF front-end. This is the part that produces the
transmitted radio frequency (RF) signals.

In the following sections, different aspects of modern wireless transmitters are dis-
cussed. It will be shown that the required flexibility is best achieved by implementing
as many components as possible using digital circuits, which can be reconfigured
more easily. More specifically, this book aims at removing the digital-to-analog
converters and analog mixers which are typically present in traditional transmitter
front-ends. This can be done by using switched-mode power amplifiers, which can
be driven directly by digital circuits, and which furthermore are more efficient than
traditional linear amplifiers. In addition to being flexible and efficient, this type of
transmitters is more suited to be implemented on-chip in nanoscale CMOS technolo-
gies, which is important in order to reduce their cost and size.
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Fig. 1.1 Traditional analog RF
single-standard transmitter Data —-| DSP A Front-End » I
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This way, the subject of this book will be defined to be the design of efficient
fully integrated, fully digital multistandard RF transmitter front-ends in nanoscale
CMOS. The state of the art in this area will be examined in Chap. 2, after which it is
advanced in the following chapters.

1.1.1 Towards Software-Defined Radio

Figure 1.1 shows a traditional transmitter for a single digital standard. The input is
a stream of data bits, which are a digital representation of some type of information
that needs to be transmitted, e.g. a voice or video signal, a picture, an e-mail, etc.
A digital signal processing (DSP) block converts the bits to a digital baseband signal
suitable for wireless transmission (more information about this conversion, called
modulation, is given in Sect. 2.1). This digital baseband signal is converted to an
analog signal using a digital-to-analog converter (DAC). A lowpass filter (LPF)
removes the spectral replicas created by the DAC. The RF front-end multiplies the
modulating signal with the RF carrier, which results in a modulated RF signal. This
signal is then amplified using a power amplifier (PA) and sent out to the antenna.
After the PA, a bandpass filter (BPF) is often added to remove out-of-band distortion
which results from nonidealities in the analog circuits.

The DAC and all analog components have a certain bandwidth, gain, linearity
and power consumption. The design of a component consists in making the trade-off
between these parameters. For example, if a very linear PA is to be designed, it is
likely to consume more power than a PA with less stringent linearity specifications.
Since different standards have different specifications for all of the above parameters,
the trade-off between them has a different result for each standard. For example, one
standard (e.g. GSM) may require the PA to have a very high gain while requiring less
linearity, while another standard (e.g. WLAN) requires less gain but more linearity.
Furthermore, the RF front-end, the PA, and the BPF are optimized for a specific
carrier frequency. Therefore, different communication standards traditionally require
different hardware.

The most straightforward way to implement a multistandard transmitter is by
simply combining several transmitters, each of which is optimized for a different
standard, as shown in Fig. 1.2. A global DSP block sends the data to one of these
transmitters, while the others are turned off. As noted in [10], this implementation
is very power efficient since only the transmitter that is required is turned on, and
it is optimized to satisfy the given standard with minimal power usage. However,
implementing multiple parallel transmitters has a high area cost and requires a high
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Fig. 1.3 Multistandard transmitter with shared reconfigurable digital baseband and DAC

design effort. Furthermore, if an additional standard is to be added at a later time,
this can only be done by adding or replacing hardware.

By implementing components in a more flexible way, they can be re-used for
different standards. For example, in Fig. 1.3, all baseband components are made
flexible and can be shared between the different standards. This means that e.g. the
lowpass filter can be tuned to support different bandwidths. All RF components are
still dedicated to a standard. This is a realistic situation since the RF components
usually have to meet tougher specifications and are therefore less easily made flexible.

This work, however, aims at making the RF front-end flexible as well, as shown
in Fig. 1.4. In this transmitter, there is only one flexible signal path that produces the
RF signals for any supported communication standard. This implies that this path
should support different carrier frequencies, bandwidths, and modulation schemes.

In order to achieve a fully flexible multistandard transmitter, the PA and the
output filter also have to become flexible, as shown in Fig. 1.5. This challenge, in
combination with achieving high output power, is a separate research field which is
outside the scope of this book. While most modern PAs are still limited to a certain
frequency band, these bandwidths are currently increasing up to hundreds of MHz
[4, 7] or even more than a GHz [9], so that a limited number of PAs can cover a
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wide frequency range. Thus, while multiple PAs are still needed, this does not mean
a separate PA is needed for every standard.

It should be noted that while the transmitters shown in Figs. 1.3, 1.4, 1.5 support
multiple standards, they can only transmit one standard at the time. Transmitting
multiple standards concurrently is required in many applications: For example, a
user may want to answer an incoming phone call while a large file is being sent
out over a WLAN or Bluetooth link. Such concurrent multistandard transmission
is an additional problem, which can be solved by duplicating the reconfigurable
parts of the transmit chain (e.g. 2 reconfigurable chains can be combined with 5
standard-dependent parts in order to transmit up to 2 out of 5 different standards
simultaneously). Alternatively, a reconfigurable multi-channel transmitter can be
designed which can simultaneously transmit multiple standards in a more efficient
way. While this is an important issue in the design of multistandard transmitters, it
is not the scope of this work.

The DSP block in Figs. 1.1, 1.2, 1.3, 1.4, 1.5 can be a dedicated hardware block
designed for signal processing, but it can also be some generic processor on which
DSP software is running. If this is the case, new standards can be added to an existing
transmitter by performing a software update, as long as the new standards fall within
the ranges supported by the reconfigurable blocks. This is an example of software-
defined radio (SDR).
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1.1.2 Towards Fully Integrated CMOS Transceivers

There is a growing tendency to integrate as many components as possible on-chip for
several reasons: First, on-chip components are much smaller, so that the overall size
of the device can be reduced, or more functionality can be provided with the same
size. Furthermore, chips can be produced at low prices provided that the volume
(i.e. the number of produced chips) is high enough: The highest cost in CMOS
production is the creation of the mask set. Once available, a mask set can be re-used
to produce arbitrary numbers of chips at a very low cost, so that the price of a chip
becomes inversely proportional to the number of chips that can be sold. Finally,
when moving to multiple-GHz carrier frequencies, bringing signals off-chip can be
a problem since bond wires, pins, printed circuit board (PCB) tracks, etc. typically
act as lowpass filters. Therefore it is advantageous to keep signals on-chip as long as
possible.

In the digital world, CMOS is a very popular technology due to its low manu-
facturing cost (for high volumes) and its very small transistor sizes which decrease
continually while the speed keeps increasing. This allows providing ever increasing
functionality on the same chip area. Furthermore, CMOS circuits typically have a
low power consumption, which keeps decreasing with the transistor sizes and supply
voltages.

In order to implement fully integrated single-chip transmitters, analog compo-
nents, including RF front-ends and PAs, need to be integrated on the same chip as
the digital baseband, which requires implementing them in CMOS as well. However,
CMOS technologies are optimized for digital design and present several problems
when used to implement analog circuits. First of all, the technologies are focused
on miniaturization of transistors, while the passive components (resistors, capacitors
and inductors) are generally very large compared to the transistors and furthermore
have fairly low quality.

Furthermore, due to the extensive miniaturization, both active and passive devices
on CMOS chips have high parasitic capacitances, which are generally undesired but
cannot be avoided. In addition, deviations in the production process cause very large
fluctuations in the parameters of active and passive devices. Analog circuits are more
sensitive to this, which makes their exact behaviour unpredictable. These variations
can be reduced by increasing the sizes of the components, but this reduces the benefits
in terms of area and power consumption, so that scaling is much less beneficial for
analog components.

Finally, due to the low supply voltages, it becomes increasingly difficult to achieve
good voltage resolution and linearity. Furthermore, the output power that can be
achieved by a CMOS amplifier is very limited and usually insufficient for wireless
communication. Increasing the supply voltage is nontrivial as the very small tran-
sistors are not suited for high voltages and may break down if too high a voltage
is applied across them. Therefore, high-voltage circuits require either special tran-
sistors, which are larger and more expensive, or special design techniques to limit
the voltages across every individual transistor. Furthermore, scaling transistor sizes
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without scaling the voltage results in a quadratic increase of the on-chip power den-
sity (i.e. the dissipated power per unit area) [11, Sect. 3.5], which would very soon
result in cooling problems and degradation of the transistors.

All these issues make the implementation of fully integrated CMOS transmitters
a challenge of its own. Clearly, it is advantageous to implement as many parts as
possible in the digital domain, since this way they can better exploit the benefits of
CMOS technology scaling.

1.1.3 Switched-Mode Power Amplification

Switched-mode power amplifiers (SMPAs) are power amplifiers (PAs) that switch
between two discrete voltage levels rather than amplifying continuous signals.
SMPAs are gaining popularity for several reasons. First, they are more efficient
than traditional linear PAs (e.g. classes A, AB, B, and C): In theory they can achieve
efficiencies up to 100 % [13], which is not the case for linear PAs.

Furthermore, since SMPAs switch between only two levels, they are inherently
linear and do not suffer from any nonlinearities in the transistors that are used or from
the limited supply voltages. This makes them suitable for integration on CMOS chips.

However, the limitation to two discrete voltage levels also implies a major dis-
advantage. Frequency modulation (FM) or phase modulation (PM) signals can be
amplified without problems by replacing the sinusoidal carrier with a square wave.
The sinusoidal shape is restored in or after the PA by bandpass filtering. However,
amplitude modulation (AM) cannot be applied since the PA is not capable of pro-
ducing any intermediate levels.

While many communication standards are based only on FM or PM precisely
to avoid any voltage nonlinearity issues and enable the use of nonlinear PAs, many
modern standards include AM in order to achieve higher data rates. In order to
implement such standards using SMPAs, the complete signal, including AM, needs
to be encoded into a single-bit digital signal.

Many transmitter implementations, especially in modern CMOS technologies,
use multiple PAs in parallel whose outputs are connected to a power combiner [3-5,
7, 14, 18]. In this case, one could drive the PAs with different signals so that more
than two signal levels can be used. This facilitates the implementation of amplitude
modulation. Nevertheless, the RF signal before the PA will be limited to a very small
set of discrete values.

While the focus of this book is on the RF front-end rather than on the PA, it is
assumed that the implemented transmitters use one or more SMPAs, and the design
of the circuits presented in this work is based on this assumption.
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1.1.4 Towards Fully Digital Transmitters

The previous sections stated several requirements that occur frequently in modern
transmitters:

e The components should be reconfigurable in order to support multiple standards.
e They should be fully integrated, preferably in CMOS.
e They should be able to drive an SMPA while still supporting AM signals.

All these specifications lead to the desire to implement as many components as
possible in the digital domain. First, digital circuits consist mostly of logical gates
and can therefore easily be made reconfigurable by adding more gates and some
control signals. Thus they are more flexible than analog circuits.

Furthermore, as mentioned in Sect. 1.1.2, CMOS technologies are much more
suited to implement digital circuits than analog circuits. Digital circuits use few
or no passive components and do not suffer from the low supply voltages. Their
performance improves every year due to the area reduction and speed increase of
CMOS transistors. Digital circuits are also much less sensitive to process variations
than analog circuits. This way, digital circuits fully exploit the benefits of CMOS
while being relatively immune against its disadvantages.

Finally, digital circuits are ideal to produce the single-bit signals required to drive
SMPAs. While AM cannot be directly included in such signals, digital circuits can
use their high speeds to encode this information in the time domain, as will be
demonstrated in this work. When an SMPA is driven directly from the digital domain,
the DAC can be removed and all signals are represented using discrete voltage levels
up to the PA. Thus, the only place where voltage linearity still matters is in the output
bandpass filter.

Figure 1.6 shows such a transmitter architecture, which is an improved version of
the software-defined radio (SDR) transmitter. The DAC and the lowpass filter have
been removed and the RF front-end has been replaced by a so-called digital RF front-
end. This front-end still converts the baseband signal to RF but does so in a completely
digital way, i.e. using only two-level signals. It produces a digital RF signal which
directly drives the SMPA. Since there are now fewer analog components, the transmit
chain is more reconfigurable and can more easily support multiple communication
standards. Furthermore, it does no longer depend on voltage linearity which makes
it more robust against technology scaling. As will be shown using simulation results
in Sects. 3.4 and 3.6, and using measurement results in Sect. 3.6, this type of circuits
will actually benefit from technology scaling.

The digital RF front-end consists of dedicated components which are flexible but
designed specifically to produce a modulated RF carrier. A more extreme form of
digitization is shown in Fig. 1.7. Here, the whole RF front-end has been absorbed
into a generic DSP block which can e.g. be a processor with DSP software. In this
case, the signal that goes to the PA is entirely determined by software, and there is
even more flexibility to add new standards after the circuit has been produced. This
type of transmitter is called software radio (SR). Ideally, the PA and output filter
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would also be incorporated in the digital block and replaced with a DAC. However,
as explained in [8, 10], it is not feasible to implement such transmitters with the
technologies that are currently available due to the high sampling rates that would
be required to oversample the RF signal, and (in case the PA is also digitized) the
high output power that is required.

This book focuses on the transmitter architecture shown in Fig. 1.6, and more
specifically on the digital reconfigurable RF front-end.

1.1.5 The Bandpass Filter

Figures 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7 all show a bandpass filter (BPF) before the
antenna. This filter is often required in order to reduce the power that is transmitted
outside the frequency band where the communication takes place. Standards often
include hard specifications about such out-of-band power, since this power may be
located in the frequency bands used for other communication standards or other
channels of the same communication standard, and thus disturb the communication
in those frequency bands.

The amount of filtering that is required depends on the transmitter architecture
that is used: As will be shown in Chap. 2, some architectures produce more out-of-
band power than others, and the frequencies where this power is located also depend
on the architecture. Generally, digital architectures produce more out-of-band power
than analog ones due to the voltage quantization.

In general, PAs and antennas are band-limited and thus inherently perform some
bandpass filtering. In addition, an on-chip bandpass filter can be added if needed.
However, these types of filtering are usually relatively weak, and furthermore on-chip
filters are normally realized using passive components which take a lot of area.

Much stronger filtering can be achieved using off-chip filters, which can either
be implemented with off-chip passive components which have much higher quality,
or using mechanical filters such as surface acoustic wave (SAW) filters. However,
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such filters are expensive, take up a lot of space, and cannot be reconfigured so that
a separate filter is needed for each frequency band. This makes them undesirable
or even unacceptable in many applications, especially those that need to be small,
cheap, and support multiple standards, such as smartphones.

Therefore, while the design of the bandpass filters themselves is outside the scope
of this book, the amount and shape of out-of-band power will be considered an
important criterion throughout this work.

1.1.6 Frequency Range

Many modern communication standards (e.g. GSM, LTE and some of the WLAN
bands) use frequencies ranging from around 900 MHz to several GHz. Therefore,
this work targets carrier frequencies from 900 MHz to about 3 GHz. Since the per-
formance of the presented type of transmitters decreases with frequency, higher
frequencies would currently result in insufficient performance. However, since the
performance directly depends on transistor speed, this will improve with technology
scaling.

1.1.7 Continuous-Time Digital Circuits

Figure 1.8 illustrates several ways of representing signals. Figure 1.8a shows a
continuous-time analog signal x (t) (also known simply as an analog signal), which
is a continuous function of time: At each instant 7, the signal has a certain value x(¢),
which is most often a voltage or current. This value can change at any moment and
it can have any value within a continuous range.

In order to facilitate circuit design and improve the robustness of the circuits,
one or two dimensions on this plot can be discretized, i.e. limited to a discrete set
of values. Figure 1.8b shows a continuous-time digital signal, which results from
quantizing the analog signal to a limited set of quantization levels. At every instant ¢,
the signal is now rounded to the nearest quantization level. Thus, the time dimension
is still continuous, but the values of the signal are now discrete. The quantization
levels are usually spaced equidistantly, where the distance g is called the quantization
step.

Figure 1.8c shows a discrete-time analog signal, which results from sampling
the analog signal using a sample-and-hold device. The signal can still assume a
continuous range of values but can only change at discrete points in time, which are
usually spaced equidistantly and separated by the sampling period Ts. The sample-
and-hold device samples the signal at every sampling instant kTi(where k is an
integer) and then keeps the value constant during the whole period. The sample-and-
hold block is usually triggered by a clock signal, which is a square wave at frequency
fs = 1/T;, which is called the sampling frequency or sampling rate.
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Fig. 1.8 Illustration of the difference between signal representations depending on whether the time
and the signal amplitude are continuous or discrete. a Continuous-time analog, b Continuous-time
digital, ¢ Discrete-time analog, d Discrete-time digital

If an analog signal is both quantized and sampled, the result is a traditional
discrete-time digital signal (also known simply as a digital signal), as shown in
Fig. 1.8d. Now both the time and the value are discretized and the signal is restricted
to a rectangular grid: at every sampling instant k7, the analog signal is sampled and
rounded to the nearest quantization level.

Continuous-time analog and discrete-time digital signals are the most known
types, as they are used in traditional analog and digital circuits, respectively. The
other two signal types are less known but are also used in certain applications.
Discrete-time analog signals occur e.g. in switched-capacitor circuits [1]. Continu-
ous-time digital signals occur in time-to-digital [2] and digital-to-time converters,
which often serve as subblocks for implementing analog-to-digital and digital-to-
analog converters.

As explained in Sect. 1.1.4, there are many reasons to prefer digital circuits in the
context of this work. However, Sects. 1.1.3 and 1.1.4 explained that for the targeted
systems the RF output signal must be encoded into only 1 or in any case very few
bits. Nevertheless, it needs to be represented accurately in order to allow high data
rates to be transmitted without introducing bit errors. These requirements seem to be
contradictory.

However, if the position of the signal edges can be accurately controlled, the
quantization noise resulting from the low number of signal levels can be moved
to higher frequencies, while the low-frequent part of the signal still contains the



