
123

S P R I N G E R  B R I E F S  I N  A P P L I E D  S C I E N C E S  A N D
T E C H N O LO G Y    REL IAB I L I T Y

Jiann-Shiun Yuan

CMOS RF Circuit 
Design for 
Reliability and 
Variability



SpringerBriefs in Applied Sciences
and Technology

Reliability

Series editors

Cher Ming Tan, Singapore, Singapore
Xuejun Fan, Beaumont, TX, USA



More information about this series at http://www.springer.com/series/11543

http://www.springer.com/series/11543


Jiann-Shiun Yuan

CMOS RF Circuit
Design for Reliability
and Variability

123



Jiann-Shiun Yuan
Department of Electrical and Computer
Engineering

University of Central Florida
Orlando, FL
USA

ISSN 2191-530X ISSN 2191-5318 (electronic)
SpringerBriefs in Applied Sciences and Technology
ISSN 2196-1123 ISSN 2196-1131 (electronic)
SpringerBriefs in Reliability
ISBN 978-981-10-0882-5 ISBN 978-981-10-0884-9 (eBook)
DOI 10.1007/978-981-10-0884-9

Library of Congress Control Number: 2016938045

© The Author(s) 2016
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.
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.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer Science+Business Media Singapore Pte Ltd.



Contents

1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 CMOS Transistor Reliability and Variability Mechanisms . . . . . . . 3
2.1 Hot Electron Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Gate Oxide Breakdown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3 Negative Bias Temperature Instability. . . . . . . . . . . . . . . . . . . . 5
2.4 Process Variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Low-Noise Amplifier Reliability . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1 Analytical Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 LNA Fabrication and Experimental Data. . . . . . . . . . . . . . . . . . 14
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 Power Amplifier Reliability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1 Class AB Power Amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2 Class E Power Amplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.1 Mixed-Mode Device and Circuit Simulation . . . . . . . . . . 25
4.2.2 Chip Fabrication and Experimental Data. . . . . . . . . . . . . 27

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5 Voltage-Controlled Oscillator Reliability . . . . . . . . . . . . . . . . . . . . 33
5.1 Differential-Mode LC Oscillator . . . . . . . . . . . . . . . . . . . . . . . . 33

5.1.1 Circuit and Device Simulation. . . . . . . . . . . . . . . . . . . . 35
5.1.2 Experimental Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.2 LC Loaded (or Current Reuse) VCO . . . . . . . . . . . . . . . . . . . . 41
5.2.1 Fabrication and Experimental Data. . . . . . . . . . . . . . . . . 43

5.3 Dual-Band VCO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6 Mixer Reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

v

http://dx.doi.org/10.1007/978-981-10-0884-9_1
http://dx.doi.org/10.1007/978-981-10-0884-9_1
http://dx.doi.org/10.1007/978-981-10-0884-9_2
http://dx.doi.org/10.1007/978-981-10-0884-9_2
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_2#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_3
http://dx.doi.org/10.1007/978-981-10-0884-9_3
http://dx.doi.org/10.1007/978-981-10-0884-9_3#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_3#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_3#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_3#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_3#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_4
http://dx.doi.org/10.1007/978-981-10-0884-9_4
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_4#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_5
http://dx.doi.org/10.1007/978-981-10-0884-9_5
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec5
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec5
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec6
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Sec6
http://dx.doi.org/10.1007/978-981-10-0884-9_5#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_6
http://dx.doi.org/10.1007/978-981-10-0884-9_6
http://dx.doi.org/10.1007/978-981-10-0884-9_6#Bib1


7 LNA Design for Variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.1 Analytical Model and Equations . . . . . . . . . . . . . . . . . . . . . . . 55
7.2 LNA Variability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8 Power Amplifier Design for Variability . . . . . . . . . . . . . . . . . . . . . 71
8.1 Analytical Model and Equations . . . . . . . . . . . . . . . . . . . . . . . 72

8.1.1 Tuning for Variability . . . . . . . . . . . . . . . . . . . . . . . . . 74
8.1.2 ADS Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . 75

8.2 Use of Current Source for Sensing Variability . . . . . . . . . . . . . . 77
8.3 Tuning for Variability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

8.3.1 Circuit Simulation Results . . . . . . . . . . . . . . . . . . . . . . 83
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

9 Oscillator Design for Variability . . . . . . . . . . . . . . . . . . . . . . . . . . 89
9.1 Mixed-Mode Device and Circuit Simulation . . . . . . . . . . . . . . . 89
9.2 Process Variability and Adaptive Body Bias . . . . . . . . . . . . . . . 94
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

10 Mixer Design for Variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

vi Contents

http://dx.doi.org/10.1007/978-981-10-0884-9_7
http://dx.doi.org/10.1007/978-981-10-0884-9_7
http://dx.doi.org/10.1007/978-981-10-0884-9_7#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_7#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_7#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_7#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_7#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_8
http://dx.doi.org/10.1007/978-981-10-0884-9_8
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec3
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec4
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec5
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec5
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec6
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Sec6
http://dx.doi.org/10.1007/978-981-10-0884-9_8#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_9
http://dx.doi.org/10.1007/978-981-10-0884-9_9
http://dx.doi.org/10.1007/978-981-10-0884-9_9#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_9#Sec1
http://dx.doi.org/10.1007/978-981-10-0884-9_9#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_9#Sec2
http://dx.doi.org/10.1007/978-981-10-0884-9_9#Bib1
http://dx.doi.org/10.1007/978-981-10-0884-9_10
http://dx.doi.org/10.1007/978-981-10-0884-9_10
http://dx.doi.org/10.1007/978-981-10-0884-9_10#Bib1


Chapter 1
Introduction

It is well known that wireless transceivers are implemented in mobile devices such
as smart phones, laptops, tablets, etc. Wireless transceivers are also critical circuit
blocks for sensors in the Internet of Things (IoT) era. IoT is being represented as a
worldwide network interconnecting things/objects. IoT is a kind of technology that
realizes the communication and information exchange between machine and human
and machine by embedded RFID, GPS, and sensors technologies into physical
equipment, and achieve transition, cooperation, processing of information accord-
ing to some protocols and so that achieve the goal of intelligent identification,
tracking, monitoring, computing, and management. IoT is made up of sensing layer,
network layer, and application layer. Sensing layer is responsible for accumulation
of data and information. Network layer realizes the management of connection of
network and data and transmits information to application layer. Application layer
processes information in order to realize monitoring, identification, control, and
other functions. Network layer mainly guarantees the connection of network. It can
support the network protocols of internet and provide efficient channel for voice and
data. To sum up, IoT is a combination of many kinds of networking technologies,
and at the same time, IoT cannot be developed without the support of communi-
cation network.

Clearly, wireless technologies are very important in IoT area due to the con-
venient and low cost wireless connections between IoT nodes. RF transceiver is the
critical block in wireless nodes and consumes the majority of energy. A typical
super-heterodyne architecture transceiver is widely used in RF transceivers with
better sensitivity and higher gain. For a super-heterodyne topology in RF trans-
ceiver, for example in the receiver (RX) path, the RF signal coming from the
antenna and RF switch goes to the front-end low-noise amplifier (LNA). The RF
signal is amplified by the LNA and down converted to the intermediate frequency
(IF) signal using the mixer and local oscillator (LO). The IF signal then passes
through the analog-to-digital (A/D) converter for base band digital signal pro-
cessing. On the other hand, for the transmitter (TX) path, the digital signal passed
through the digital-to-analog (D/A) converter to produce the analog signal. The IF
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is then up-converted to RF signal using the up-converting mixer and LO at desired
frequency. The RF signal is amplified by the power amplifier (PA). The RF switch
connects the large-signal RF waveform to the antenna for signal transmission.

RF transceiver circuits including low noise amplifiers, mixers, oscillators, and
power amplifiers are usually made using mixed-signal CMOS technology. CMOS
is an ideal candidate for high density, low cost, low power, and high integration
chip solution. Today, silicon CMOS are scaled down to 22 nm and beyond to
increase density and performance further. The well-known reliability mechanisms
such as hot carrier injection (HCI), negative bias temperature instability (NBTI),
and gate oxide breakdown (GOB) become very important knowledge for the design
of advanced RF and digital circuits. For state-of-the-art nanoscale circuits and
systems, the local device variation and uncertainty of signal propagation time have
become crucial in the determination of system performance and reliability. Yield
analysis and optimization, which take into account the manufacturing tolerances,
model uncertainties, variations in the process parameters, and aging factors are
known as indispensable components of the circuit design procedure. Therefore,
circuit designers, device engineers, and graduate students need to have clear
understanding on how device reliability issues affect the RF circuit performance
subjected to operation aging and process variations. This book is unique to explore
typical reliability issues in the device and technology level and then to examine
their impact on RF wireless transceiver circuit performance. Analytical equations,
experimental data, mixed-mode device, and circuit simulation results will be given
for clear illustration.

2 1 Introduction



Chapter 2
CMOS Transistor Reliability
and Variability Mechanisms

Due to aggressive scaling in device dimensions for improving speed and func-
tionality, CMOS transistors in the nanometer regime have resulted in major relia-
bility issues due to high electric field phenomenon. These include hot carrier
injection (HCI) [1, 2], gate oxide breakdown (BD) [3, 4], and negative bias tem-
perature instability (NBTI) [5, 6]. These reliability mechanisms cause the MOS
transistor parameter drifts; namely, threshold voltage shift and mobility degrada-
tion. A brief discussion on the MOS device reliability is described as follows.

2.1 Hot Electron Effect

When the electric field at the drain edge of the MOS transistor is very high,
avalanche breakdown may occur. Impact ionization in the drain depletion region
generates many energized electrons. These high energy carriers may damage
interfacial layer and create interface traps and oxide trapped charges [7] which
degrade device parameters such as an increase in threshold voltage. Figure 2.1
displays the drain current degradation versus drain-source voltage subjected to
different stress times. At given drain-source voltage VDS and gate-source voltage
VGS, the drain current decreases with stress time as shown in Fig. 2.1.

2.2 Gate Oxide Breakdown

High electric field across the gate insulator could induce time-dependent dielectric
breakdown. The formation of random defects and conduction path within the gate
dielectric increases the gate leakage and noise. For ultrathin gate oxide transistors
under constant gate voltage stress, the soft breakdown could be observed before
hard breakdown [8]. Compared with hard breakdown (HBD), SBD becomes more
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prevalent for thinner oxides and for oxide stress at relatively lower voltages. In
addition, hot carrier injection could trigger more SBD in addition to conventional
Fowler–Nordheim (FN) tunneling [9].

Figure 2.2 shows the normalized gate leakage current as a function of stress time
under constant voltage (CVS). The gate soft breakdown degrades the threshold
voltage and mobility of the MOSFET as observed by the current–voltage charac-
teristics [10].
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