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Abstract

Tunability and adaptability for radio frequency (RFont-ends are highly desirable because
they not only enhance functionality and performalmgealso reduce the circuit size and cost.
This thesis presents a number of novel designegfieg in DC-DC converters, impedance
networks and adaptive algorithms for tunable andaptable RF based mobile
telecommunication systems. Specifically, the stsidiee divided into three major directions:
(a) high voltage switch controller based DC-DC amers for RF switch actuation; (b)
impedance network designs for impedance transfoomatf RF switches; and (c) adaptive

algorithms for determining the required impedarieg¢es at the RF switches.

In the first stage, two-phase step-up switched-cié@a(SC) DC-DC converters are
explored. The SC converter has a simple controhateand a reduced physical volume. The
research investigations started with the linearthechon-linear voltage gain topologies. The
non-linear voltage gain topology provides a higheltage gain in a smaller number of
stages compared to the linear voltage gain topolégyongst the non-linear voltage gain
topologies, a Fibonacci SC converter has beenifahais having lower losses and a higher
conversion ratio compared to other topologies. Harethe implementation of a high
voltage (HV) gain Fibonacci SC converter is compthie to the requirement of widely
different gate voltages for the transistors in Hilgonacci converter. Gate driving strategies
have been proposed that only require a few auxilieainsistors in order to provide the
required boosted voltages for switching the traossson and off. This technique reduces the

design complexity and increases the reliabilityhaf HV Fibonacci SC converter.

For the linear voltage gain topology, a high perfance complementary-metal-
oxide-semiconductor (CMOS) based SC DC-DC convérasrbeen proposed in this work.
The HV SC DC-DC converter has been designed involtage (LV) transistors technology
in order to achieve higher voltage gain. Adaptivasing circuits have been proposed to
eliminate the leakage current, hence avoiding lafehwhich normally occurs with low
voltage transistors when they are used in a higkage design. Thus, the SC DC-DC
converter achieves more than 25% higher boostaadgmlcompared to converters that use
HV transistors. The proposed design provides a $0%er reduction through the charge
recycling circuit that reduces the effect of nomality in integrated HV capacitors.
Moreover, the SC DC-DC converter achieves a 45%llemarea than the conventional

converter through optimising the design parameters.



In the second stage, the impedance network defigrisansforming the impedance
of RF switches to the maximum achievable impeddnoag region are investigated. The
maximum achievable tuning region is bounded byftinelamental properties of the selected
impedance network topology and by the tunable wabfehe RF switches that are variable
over a limited range. A novel design technique b@sn proposed in order to achieve the
maximum impedance tuning region, through identdyine optimum electrical distance
between the RF switches at the impedance netwoykvdsying the electrical distance
between the RF switches, high impedance tuningonsgiare achieved across multi
frequency standards. This technique reduces theaodsthe insertion loss of an impedance
network as the required number of RF switchesdsced. The prototype demonstrates high
impedance coverages at LTE (700MHz), GSM (900MH) GPS (1575MHz).

Integration of a tunable impedance network withaatenna for frequency-agility at
the RF front-end has also been discussed in thik.vildhe integrated system enlarges the
bandwidth of a patch antenna by four times theimsigbandwidth and also improves the
antenna return loss. The prototype achieves frayagility from 700MHz to 3GHz. This
work demonstrates that a single transceiver withtinfmequency standards can be realised

by using a tunable impedance network.

In the final stage, improvement to an adaptive rlgm for determining the
impedance states at the RF switches has been pahpd$ie work has resulted in one more
novel design techniques which reduce the searah itinthe algorithm, thus minimising the
risk of data loss during the impedance tuning pec&he approach reduces the search time
by more than an order of magnitude by exploiting thlationships among the mass spring’s
coefficient values derived from the impedance netwmgarameters, thereby significantly
reducing the convergence time of the algorithm. algerithm with the proposed technique
converges in less than half of the computationaleticompared to the conventional

approach, hence significantly improving the sedirtle of the algorithm.

The design strategies proposed in this work camiibowards the realisation of

tunable and adaptable RF based mobile telecomntignicaystems.
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Chapter 1: Introduction

Chapter 1.

Introduction

1.1 Motivation for the Tunable RF based Mobile

Telecommunication Systems

Radio frequency (RF) circuits with tunable and adhle functions propose a wide range of
possibilities and attract significant interest espdy in the field of mobile

telecommunication systems. Tunable and adaptabléo&ed mobile telecommunication
systems not only enhance their functionality andgomance but also reduce the circuit size
and cost. In general, RF front-end circuits candbsigned to adapt to different types of
operating conditions, such as multi frequency bandsiable transmit power levels,
antennas in mismatch conditions and a fluctuatipgrating environment, which are

discussed as follows.

1.1.1 Multi Frequency Bands

Over the past 10 years, the mobile industry hadsedat a rapid pace, which increases both
the requirements and the capabilities of the Rmhtfemd in order to support a multi
frequencies wireless connection. Wireless commtioicdas expanded from a single mode,
triple-band 2G system in the year 2000, to a tnptede, 9-band high speed data capable
system by the year 2010 [1]. The trend continugs wie rapid deployment of 4G LTE
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systems with new modes and operating bands. Thatige of multi-mode and multi-band
is usually supported by multiple stacked transaeiwvets [2], as shown in Figure 1.1. Each
of units is optimised for a single frequency baBthployment of multiple transceiver units
is costly due to component duplication and largmmonents count, which are undesirable
for mobile applications. For the front-end to bdeatm support the continuing evolution,
tunable RF technology is one of the promising $ohgt [1, 2]. Figure 1.2 shows that the
tunable RF system reconfigures for multi-mode saatislin a single transceiver unit rather
than duplicating mode-specific transceiver units éach new standard. In tunable RF
system, RF main components such as filters or aepe power amplifiers and antenna
impedance matching network have to be reconfigucedater for multi-mode standard
operating requirements [3]. For instance, tunapilit filter provides spectral diversity and
increases efficiency [4]; Tunability in duplexerproves adjustable isolation [5]; Tunability
in power amplifiers provides variable transmit powevels for multi frequency operations
[6]; Tunability in impedance matching network prdes required susceptance for antenna to
compensate for changes such as frequency and thrirg effects that occur due to the
user's head and hand. As a result, the whole tenB#l system increases the reuse of

components and lower material costs, resultingp@ics saving and cost efficiency.

Antenna

PA TXDuplexer/ Filter j/

Antenn\

PA o Duplexer/ Filter j/

Antenna Mode 1

PA Duplexer/ Filter :r Band 2
D Mode 1

q RX IC Band 1
LNA

Figure 1.1: Multiple transceiver units employed fioulti-mode and multi-band operations

Mode 2
Band 1

pueq aseq
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Duplexer/
Filter Mode 1 & Band 1

Tunable RF Mode 1 & Band 2

based systen Mode 2 & Band 1

pueq aseq

Figure 1.2: Tunable RF based system reduces theinulti-mode and multi-band transceiver

1.1.2 Variable Transmit Power Level

On the other hand, tunable RF technology also ingwdhe power efficiency in RF front-

ends. Transmit power levels in mobile devices ddmanthe distance to the communicating
base stations. By adjusting the biasing voltageuorent [7, 8] or load impedance [6, 9, 10]
of the power amplifier at the RF front-ends, acaogdo the optimum operating power level,

overall power efficiency can be considerably imgayv

1.1.3 Antenna in Mismatch Conditions

Tunability for RF front-end helps in relaxing amtendesign process. Antennas used in
mobile devices are preferable small in size. Hower®st of the small size antennas are
narrow bandwidth which is easily detuned by a sliphndling error or a fluctuating

operating environment. A detuned antenna will haneoperating frequency that is shifted
from its design frequency. This causes a high geltatanding wave ratio (VSWR) and a
large power reflection. Some of the antennas fobileodevices are developed with a
maximum VSWR of 3.5 which have an equivalent logsl6é dB or 30 percent of the

reflected power at the antenna [11]. Tunable Ré€uis allow a considerable extension of
the operational bandwidth of mobile device anter[d&s 13]. With tunable RF circuitries,

the operational frequency [14-16] and radiatiottgra [17] of an antenna can even be

reconfigured. These significantly relax the tigbhstraints in designing the antennas.
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1.1.4 Fluctuating Operating Environment

Adaptability in RF front-end improves the link qial by maintaining low VSWR in
operating environment through spontaneously tutiiegmpedance to counteract the sudden
impedance change in a user fluctuating operating@mment. This situation mostly occurs
in the miniaturised antenna of a mobile termina8][1The impedance of miniaturised

antennas tends to shift with simple human ergon®@mioperating conditions [19, 20].

Previous researchers have analysed the perforntdnoebile antennas influenced
by a user’'s head, hand and shoulder [21-25]. kamele, how the phone is held by the
hand can have an impact on antenna performancghaaen in Figure 1.3 [24]. Similarly,
how the phone is stored (in a pocket or briefcémeexample) can also negatively impact
the matching of the antenna impedance. Due to dbethat every model of a device is
different, interference from the user’'s hand anddhis undefined a priori. This creates a
significant problem to mobile users such as phaledrop, bad link quality and fast drain

off of battery power.

FREE SPACE

Figure 1.3: Effect of human hand (in data modéetjprg to the antenna gain patterns at 881.5MHz
frequency [24]

For this reason, adaptability in the RF circuiheeded in order to improve the link
quality by reducing the user’s impact on antennmdbile devices, as shown in Figure 1.4.
The adaptive RF circuit corrects the impedance misim and preserves the maximum
radiated power [7, 26-29]. By reducing the refldgp@ewer, the battery life of mobile devices

is extended and the communication performance diilsdevice is enhanced.
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RF in Adaptive Impedance

1 4
—> ,
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Figure 1.4: Adaptability in an RF circuit corre¢k® antenna impedance mismatch that is caused by

the effect of close proximity with a human hand

1.2 Research Investigation

Introducing tunability or adaptability to the RFefft-end provides great benefits but carries
also losses and complexity by having additionatfiamal blocks. Thus, research attentions
are required to optimise these functional blockerder to minimise the additional losses.
Several key areas require research attentions ascliRF switches design, controller,

processor, impedance network designs and deteSpcifically, this thesis focuses on

control circuitries, impedance network designs addptive algorithms for RF switches,

aiming at the realisation of high performance mal@lecommunication systems. The study
is divided into three distinct topics: (a) high tagle switch controller based on DC-DC
converters for the RF switches actuation, (b) inapee network designs for impedance
transformation of the RF switches, and (c) adapéigorithms to determine the required
impedance state at the RF switches for compenstitimgnpedance variation of an antenna,

as depicted in Figure 1.5.

PA Duplexer senso : — 4" : ‘/ Antenna
: D TX pedan I
D ] — Tuner ng%f/ork
| {
q RX I : !
|
LNA :

I
Controller |
| [

I
I

Adaptive algorithm

Figure 1.5: Research areas (in the dashed bloeiered in this thesis
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1.2.1 High Voltage Switch Controller based on DC-DC

Converters for RF Switch Actuation

In the first stage, high voltage (HV) switch cotigo for RF switches actuation will be
explored. Most of the RF switches, in particular REcro-Electro-Mechanical-Systems
(MEMS) devices, require biasing voltages which significantly higher than the supply
voltage. Thus, a DC-DC converter will be developsdan HV switch controller for biasing
the RF switches. The DC-DC converter has to meeerae specifications such as high

output voltage, small size, low power consumptind Bnearity.

In general, three topologies can be implementedn®mDC-DC converter. They are
linear regulators, inductive based converters avittlsed-capacitor (SC) DC-DC converters,

as shown in Figure 1.6 (a), (b) and (c) respelstive

Linear regulators or low-dropout regulators (LD®@ a mature technology but they
are not preferable in scenarios where the dropoliage between the input and output is

very large. This will dramatically reduce the ei#ficcy of the LDO [30].

The SC DC-DC converters have several advantagemyemies, which include a
simple control method and a reduced physical volUBk&34]. They also have less
electromagnetic interference (EMI), low cost anghhpower density for the design. The SC
converter output voltage is determined by the cdevetopology and has good no-load
voltage regulation [35]. This is ideally suited foattery-operated applications with power

management, where the converter must operateatrast zero load.

Inductive based switching converters provide hidficiency and flexible power
conversions. However, the inductive based conwertemquire either technologically
intensive integrated inductors (i.e. hon- produtt@MOS) or bulky off-chip inductors, and
suffer from severe electromagnetic interferencesen@80, 36]. Furthermore, the switching
components (i.e. transistors) in the inductive das®verters have to sustain the full voltage
difference and the peak current of the convertéis high voltage rating requirement is
difficult to fulfil by current state of the art CM®technology. In contrast, for a linear SC
DC-DC converter, the required rating of the tratwsssis relatively small. Furthermore, the
SC DC-DC converter requires only capacitors andchws. Thus, these make the SC DC-
DC converter feasible for integration. Comparaawvelyses in [30, 37] conclude that the SC

DC-DC converter has strong advantages with resjgetioth switch utilisation and high
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energy densities of capacitors versus inductores@hshow that the SC converter is

evidently a promising candidate for this applicatio

Vo 1:n Vout
RF +|—
VREF
(a)
VDDI_‘
777

(b)

S

T T T T T

Vewe  Vewke Vet Vewke VCLKZ

(c)

Figure 1.6: Topologies of DC-DC converter (a) &ingegulator (b) inductor based converter (c)

switched capacitor converter

Historically, SC converters have been used in nateg circuits to provide
programmable voltages to memories, but have beuitetl to low powers (<100mW).

Dickson et al. [38] has provided a detailed analgsid conducted a number of experimental
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measurements of a MOS diode-connect SC converitiribwery large scale integration
(VLSI) technology. Improvements to SC DC-DC congest have been performed and
discussed in [37, 39-45]. Palumbo [39, 42] presentdesign methodology based on an
optimum number of stages for a particular voltageng Tanzawa provides a detailed
dynamic analysis in [43] and an optimisation tegheito maximise the output current in a
minimum circuit area in [40]. In [37, 41, 44, 4'8eeman presents a simpler optimization
technique for the switches and capacitances indd@erters on various topologies. Previous
research works have focused on different topologi€s47], mathematical models [48], low
voltage operation [49], load properties [42] to theprovement in power and area
considerations [31, 40, 50]. Little effort has gon® designing and optimizing HV SC DC-
DC converter for RF switches. More details of tlesign and optimisation of the linear and
the nonlinear voltage gain based on two-phase SEDCconverter topologies will be

presented in Chapters 2 and 3.

1.2.2 Impedance Network Designs for Impedance

Transformation of RF Switches

In the second stage, tunable impedance networlgresiill be investigated. The
tunable impedance networks are evolved from thedfisnpedance networks that have been
used for precisely correcting the mismatch to tesiréd impedance. The impedance of the
fixed network cannot be changed after implementatito be reconfigured, RF switches
need to be included in the impedance network. Tifgedance network designs transform
the impedance of the RF switches to a range of dawpee tuning region which depends on
their applications. Impedance networks have begiiegpin antenna load tuning [51-54],
antenna impedance matching [13, 19, 28, 55-58hlianfilters [13, 59] and tunable power
amplifier [8, 10, 60, 61].

For mobile applications, tunable impedance netvaekigns require more stringent
specifications, such as wide impedance coveragdesser number of RF switches,
impedance network topology with small circuit semed losses, and less complexity in the

biasing circuit.

In general, RF switches could function as ohmic tacin switches or tunable

capacitive switches. It depends on the internalgdestructures of the RF components which
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will not be covered in this thesis. For simplicityoth ohmic contact switches and tunable
capacitive switches are named as RF switchessrthbais.

Impedance networks can function as discrete tunimgcontinuous tuning
approaches, which are discussed as follows.

1.2.2.1 Discrete Tuning

The discrete tuning approach utilises a combinatfdRF switches with a number of
discrete capacitors. The discrete tuning approadiveds a precise range of capacitance
values through a digital switching control circultn example of the impedance network

topology utilising a total of 14 MEMS capacitive isshes in a 6-bit configuration is shown
in Figure 1.7 [62].

I I,
T

AAA

VN
N e

—MW—-
1
7

Figure 1.7: An example of discrete tuning approablch utilises a total of 14 RF switches in a 6-bit

configuration
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1.2.2.2 Continuous Tuning

The continuous tuning approach utilises variablpacidive RF switches in the
impedance network. The main advantage of the comtis tuning is a simpler control circuit
in biasing the switches. A significantly fewer nuentof tunable RF switches are needed
compared to a discrete tuning approach for apprateiy the same size of impedance tuning
region. The impedance and electrical length of shés are reconfigured by varying the

tunable components, as shown in Figure 1.8.

Stub ‘{\& E

Tunable
component

Figure 1.8: An example of continuous tuning apphoabich utilises an RF switch in a tunable

matching stub

For multi frequency standards, the discrete turdpgroach demonstrates a larger
impedance tuning region compared to a continuonsdguapproach. However, a discrete
tuning approach utilises a large number of RF dwisovhich require a very complex control
circuitry for biasing the RF switches. These alstrease the size of the overall impedance

network which is undesirable in mobile telecommatimn applications.

Even though a continuous tuning approach appedas lagve a reduced number of
RF switches and is less complex in its controluwtrg implementation, the limited tuning
ratio in the RF switches restrain the achievablgeidance tuning region. More details of the
design and development of tunable impedance nesvaik be presented in Chapter 4.

Integration of the tunable impedance network wittaatenna will be discussed in Chapter 5.

1.2.3 Adaptive Algorithms for Determining the Requi red

Impedance States at the RF Switches

In the final stage, adaptive algorithms will be dige determine the required impedance

stage at the RF switches based on different leeélantenna impedance mismatch.

10
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Impedance states at RF switches in the impedarteenewill be sought by the adaptive
algorithm in order to provide a complex conjugatatech solution, corresponding with the
mismatch antenna load. In general, adaptive alguostare broadly divided into functional

and deterministic types, which are described dgvisl

1.2.3.1 Functional Approach

The first approach includes functional algorithrtteat commonly use the detected
information for direct control of tunable RF swigshin a sequence that converges within the
acceptable limits defined by the VSWR. This apphoatlises control circuitries such as
analog and digital circuits [63], two nested cohtomps [64], two cascaded control loops
[28, 65] and a closed-loop mixed-signal matchiragessearch circuit [26], for the generation
of the timing signals. This approach requires deirmf the complex value of impedances,
admittances, or reflection coefficients. This altion requires no initial knowledge of
antenna impedance or network values. Instead, ¢itonk components are set to some
initial, or default setting and adjusted by andtafe algorithm [26, 66]. Through a sample
and hold (S/H) process, the present value will impgared to the one stored in the S/H at
each iteration. If the present value is better tim@nprevious value, the present value will be
stored and vice versa. After scanning all possiileedance values sequentially, the value
stored in the system represents the optimum sfte. most significant drawback of
functional tuning algorithms is that they requireamy iterations before a satisfactory
matched condition is reached [66]. The tuning psscwill cause amplitude and phase
modulation of the signal radiated. Thus, long tgntimes might increase the risk of

corrupting the data transfer in mobile applications

1.2.3.2 Deterministic Approach

The second tuning method includes deterministiorétlyms that make use of searching and
optimization [28]. This method aims to minimise theration of the tuning cycle. There are
two ways to obtain the impedance values. The impeslaalues could be stored in lookup

tables or trial-and-error by the adaptive algoritlém.

By solely using lookup tables, all potential tunisitgges of RF switches need to be
pre-calculated from the antenna feed point for daetjuency band. A one-step algorithm

which makes use of a lookup table with the S-patandata of each setting of the matching

11



Chapter 1: Introduction

network, obtained from calibration or a referenesign, has been used in previous research
work [65]. For antenna operating at multi frequerstgndards, the impedance network
requires a very large set of tuning data. Geneagathis tuning data would require an
unfeasibly large number of calculation times agndtnalization procedure for the adaptive

algorithm [66]. Large data storage is also a litiotain mobile applications.

To reduce the size of the data storage, trial-anu-e@daptive algorithms could be
used. However, this comes with a trade-off in &llde search time and the search time will
be drastically increased in a multi frequency stadsl environment which has a relatively
large search space. In addition, due to the naafirtorrelation of the RF switches in an
impedance network, some of the adaptive algoritsoeh as least mean squares (LMS),
steepest gradient [68], simulated annealing [684, fazzy [70] are able to search either the
real or imaginary part of the impedance but nohhmirts simultaneously. To correct both
real and imaginary parts of the impedance, resescpplied a specific Genetic Algorithm
(GA) [67, 71-73]. However, GAs are computationallgry expensive and exhibit slow
convergence speeds. Other adaptive algorithms asi¢ttooke and Jeeves’s algorithm [55],
Powell Algorithm [55] and the nearest neighbourrsealgorithm [74] strongly depend on
an initial starting point and are difficult to selarfor an optimum state. A fast convergence
analytical algorithm was proposed in [75] but iais impedance network specific algorithm

and difficult to extend to other network topologies

For these reasons, a fast and robust adaptiveitalgowith less computational
resources is needed to calculate the required iampedtuning stage at the RF switches for
compensating the impedance variation of an antdnrgzarticular, design considerations for
the adaptive algorithm include search capabilipnputational resources and convergence
speed. More details for the design of an adaptigeridhm for tunable RF switches in

mobile applications will be presented in Chapter 6.

Figure 1.9 summarises the area and challengesaddressed in the thesis.
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Impedance Matching and DC-DC Converter Designs fofunable Radio Frequency
Based Mobile Telecommunication Systems

Design ! I !
Methodology DC-DC
converter

| Il Inductor I SWltched [ ] [ I
basec capacitor Fixed Tunable Functional Determlnlstlc

Impedance network Adaptive algorlthm

Design | |
Challenge Voltage Power Topology || No- of Impedance Search Convergence
gam consumptior tunable RF | coverage capability | speed
device:

Size/

Li it o . Computatlonal
Inearity Area grllrgtllcl)tsseSIze Tuning Bandwidth resource

I’atIO

Figure 1.9: The overview of the research strucftire highlighted boxes are the research areas)

1.3 Overview of Thesis

The thesis is divided into seven chapters. In ¢higpter, the need for a tunable RF mobile
system and the roles of the DC-DC converters, timalile impedance networks and the

adaptive algorithms in mobile telecommunicatiorntays have been outlined.

Chapter 2 provides a review of the topology andgpses design techniques to address the
implementation difficulties in high voltage two-@aSC DC-DC converters. The properties
of the key components in the topologies are andly8eFibonacci SC converter has been
identified as having the lowest voltage loss pen gampared to other topologies. However,
implementation of a high voltage Fibonacci convergedifficult because it requires a wide
range of voltage rating of the components and #se@ated reliability issues. Gate driving
techniques have been proposed in order to addressiplementation difficulties and reduce

the design complexity.

Chapter 3 presents the design techniques for agrated HV SC DC-DC converter. The
design parameters are analysed and synthesisedd@én t reduce the die area of the
proposed SC DC-DC converter. The adaptive biasirguits have been proposed in this

chapter for avoiding latch-up, which normally occwrith low voltage transistors when they
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are used in a high voltage design. A charge remydtircuit is introduced to reduce the
power consumption due to the effect of non-idealitintegrated HV capacitors. Reliability

issues in the design have also been addresseid chtmpter.

Chapter 4 not only provides a review of the impedanetwork’s topologies and the RF
switches technology, but also proposes a desigmigae to increase the impedance tuning

region within the limits of available tuning rangasRF switches.

Chapter 5 presents the integration of a widebanditie impedance network with an antenna
for a multi-band RF front-end. The design considerdti-section impedance networks,

radial stub and tuning trajectory to achieve widmdwidth performance. The integrated
system improves the antenna’s performance aftdisagian. It also corrects the antenna

impedance mismatch due to manufacturing erroraxirgd the antenna design process.

Chapter 6 presents a novel technique to reduces#@ch time by exploiting the
relationships among the mass spring’s coefficieatues derived from the impedance
network parameters, thereby significantly redudimg convergence time of the algorithm.
The proposed algorithm has faster convergence s@eegds more robust than the existing
algorithms, i.e. Least Mean Square (LMS) and Gerfgorithm (GA). To operate in multi
frequency standards, the proposed algorithm has bestomised from the perspective of

topology, operating bands and VSWR, thus redudiegsearch space in the algorithm.

Chapter 7 concludes the research investigationsaggests future work.

1.4 Publications Arising from This Research

In the course of this research, the following j@lsnand conference papers have been

published:

1. Y.C. Wong, N.H. Noordin, A.O. El-Rayis, N. Haridas, A.T. Bghn, and T. Arslan, "An
evaluation of 2-phase charge pump topologies witarge transfer switches for green
mobile technology,” IEEE International Symposium on Industrial Elecfizn
(ISIE2011), pp. 136-140, 2011.

2. Y.C. Wong, W. Zhou, A.O. El-Rayis, N. Haridas, A.T. Erdogaand T. Arslan,

"Practical design strategy for two-phase step upDR¥CFibonacci Switched-Capacitor

14



Chapter 1: Introduction

converter," 20th European Conference on Circuit Theory and §e$ECCTD) pp. 817-
820, 2011.

3. Y.C. Wong, T. Arslan, A.T. Erdogan, N. Haridas, and A.O. Rayis, "Speedy
Derivative-Corrective Mass Spring Algorithm for Amtave Impedance Matching
Networks,"Electronics Lettersyol. 48, pp. 653-655, 2012.

4. Y.C. Wong, T. Arslan, and A.T. Erdogan, "Reconfigurable Wided RF Impedance
Transformer Integrated with an Antenna for Multhda Wireless Devices,"

Loughborough Antennas & Propagation Conferemye 1-5, 2012.

5. Y.C. Wong, T. Arslan “An Adaptive Impedance Matching Netwddt Smart Antenna
Systems’University of Edinburgh Postgraduate Research Camfes 2012.

6. N.H. Noordin,Y.C. Wong, A.T. Erdogan, and T. Arslan, "Meandered invefffedntenna
for MIMO mobile devices," Loughborough Antennas and Propagation Conference
(LAPC), pp. 1-4, 2012.

7. Y.C. Wong, T. Arslan, A.T. Erdogan, and A.O. El-Rayis, “Efént Ultra-high-voltage
controller-based complementary-metal-oxide-semiaotat switched-capacitor DC-DC
converter for radio-frequency micro-electro-mechahisystems switch actuationET
Circuits, Devices & System#l. 7, pp. 59-73, 2013.

8. Y.C. Wong, T. Arslan, and A.O. El-Rayis, “Adaptive Impedarniagning Network Using
Genetic Algorithm: [TuneGA” Accepted bYNASA/ESA Conference on Adaptive
Hardware and Systems (AHS-2013)13.

1.5 Summary

This thesis proposes a tunable and adaptable R#dbaebile telecommunication system,

where particular attention is given to:

i.  High voltage switch controller based on DC-DC cotees for RF switch actuation
ii. Impedance network designs for impedance transfaomaf RF switches
iii. Adaptive algorithms for determining the requiredpedance states at the RF

switches for compensating the impedance variati@n@antenna
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Chapter 2:

High Voltage Switch Controller
based Two-phase Step-up SC
DC-DC Converter

2.1 Introduction

This chapter presents topologies of high voltage)(BC DC-DC converters and proposes
design strategies for switching the SC convertarsdarch investigation begins with the
topologies of two-phase step-up SC DC-DC convertirgeloped in the past and the
associated practical considerations. Three SC ctargeare selected for analysis in steady
and dynamic states. From the analysis, the Fibor@&Caconverter demonstrates the highest
performance among the other topologies for mobilgplieations. However, the

implementation of an HV gain Fibonacci SC conveidetomplex due to the requirement of
widely different gate voltages for the transistorsthe Fibonacci converter. Gate driving

strategies, that only require few auxiliary tratwis in order to provide the required boosted
voltages for switching the transistors on and afg proposed. Finally, the Fibonacci SC

converter is optimised and implemented in discietanology.
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2.2 Topologies of Two-phase Step-up SC DC-DC

Converter

The topology of the SC DC-DC converters can be diyoalassified into linear and non-

linear voltage gain converters.

2.2.1 Linear Voltage Gain Topology

The linear voltage gain topology generates the ireduhigh voltages through cascade
connection of a suitable number of identical sta@sto give an output voltage equal to
(N+1)*Vpp [76]. The ratio between the output voltage anditipet voltage is the conversion

ratio of the converter. The three mostly useddinsltage gain topologies i.e. the Dickson,

the bootstrap, and the interleave structures asepted as follows.

2.2.1.1 The Dickson SC Converter

Dickson demonstrated for the first time the intéggarealisation of an SC converter
in 1976 [38]. This topology is similar to the Crac&ft and Walton topology proposed in
1932, which was adopted in discrete implementat[@is The Dickson SC converter was
firstly designed with diodes rather than transistass shown in Figure 2.1. However, isolated
diodes were not available for integrated implemirria Thus, the Dickson converter was
further developed by replacing the diodes with M@fisistors. The MOS transistors are in

diode-connected style, as shown in Figure 2.2.

The main advantage of the Dickson converter iogsdnot need a clock signal in
switching the transistors. However, the disadvamtaigthis topology is the high threshold
voltage drop as it has weak gate biasing voltagesaated with the diode-connected MOS
transistors [78]. The gate biasing voltage in thekBon converter is the voltage differences
between the drain and the source of the transidtorggher stages, the gate biasing voltages
become less efficient in switching on the transsstoecause of body effect, as shown in

(2.1). Increasing the body effect will increase theshold voltage of the transistors in the
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converter, see (2.2). The performance of this togplis degraded at higher conversion
ratios when the number of stages increased. Tisfisiantly reduces the SC converter’s

output voltage and efficiency.

Y = (tox [ Eox )4/20E i N A 2.1)

wherey is the body effect parametey,is gate oxide thickness,y is oxide permittivity g is

the permittivity of siliconN, is a doping concentratiog,is the charge of an electron.

Vrn =Vrno + V(I Vse + 26k | =265 ) (2.2)

where My is the threshold voltage,sY is the source-bulk potentid¥iryg is the Wiy with

zeroVsgand 2¢ is the surface potential.

Vb [ 1 [ 2 [ 3 [ 4 [ N [ Vout
C/l\ C/l\ C/l\ C/l\ C/l\ CL;:
VCLKl VCLKZ VCLKl VCLK2 VCLK2 7_7

Figure 2.1: Dickson SC DC-DC converter with disergiodes
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Figure 2.2: Dickson SC DC-DC converter with MOSd#aconnected

2.2.1.2 The Bootstrap SC Converter

A topology of a bootstrap SC converter was presemt¢79, 80], as shown in Figure 2.3. In
this topology, the voltages at the MOS transista€sninals are higher than the power
supply (Mbp). Consequently, a gate voltage with a magnitud2*uf,p is needed to switch

on the MOS transistors. In addition, this topolagguires four phases of clock signals for
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implementation, which is complex in control cireyitThis topology has been enhanced by
using a static backward control method to simptifie transistor control circuitry [49].
However, the method required an additional highags clock generator at the output stage

of the converter, which increased the overall poga@rsumption and the complexity of the

design.
v N=1 N=2 N Vout
DD ° Py I_,_ ________
e —C —C ;FCL
__CAUX __CAUX iZ:AUX i:CAUX
Tl .
Veika_au Veika Veika_au VeikaVerke_au Vewke VeV clkz_au 777—

Figure 2.3: Bootstrap SC DC-DC converter

2.2.1.3 The Interleave Structure SC Converter

The interleave structure SC converter was origginptbposed by [81, 82] and is shown in
Figure 2.4. This topology of the SC converter idb reduce the output ripple by using the
same total capacitance. Unlike the bootstrap S@ester, the interleave structure requires
only a two-phase clock and a simple design apprddcie details of this topology will be

discussed in Chapter 3.

VCLKZ VCLKl VCLK2 VCLKl VCLKZ

VOLII

\ |

C

Figure 2.4: Interleave structure SC DC-DC converter
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2.2.2 Nonlinear Voltage Gain Topology

For the nonlinear voltage gain topology, it showe tadvantages of achieving higher
conversion ratios by using fewer numbers of swechied capacitors. The three mostly used
nonlinear voltage gain topologies, i.e. the sepasllel (SP), the voltage doubler and the
Fibonacci structures are presented as follows.

2.2.2.1 The Series-Parallel SC Converter

The series-parallel (SP) converter was first predoby [77], as shown in Figure 2.5.
Recently, this topology has been modified by [83je SP converter is parallel charging all
the capacitors to the pg during the first clock phase and discharging thioa series
connected capacitors during the second clock phblsvever, the SP converter is
constituted of parasitic capacitances, which adfdts performance more than the other
topologies. In addition, the switches implementatio the SP converter is another critical
iIssue to be considered [39].

Vbb Veiki | Veiki 5 Verke
- o — " e
P
\‘\CZ/Q | Cyz &>
Cir [ | O Jpum— P
L
Veiki Verki

Figure 2.5: Series-parallel SC DC-DC converter
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2.2.2.2 The Voltage Doubler SC Converter

The voltage doubler with a multi-phase clock wagppsed by Oota et. al. [84]. This SC

converter achieves the maximum voltage gain ®fuging N+1 capacitors and 3N+1

switches by 2N phases of clock signals. The Nésnilimber of stages in the voltage doubler
converter. In the later stages of development, &xponential gain topology has been
improved by using a two-phase clock [85-88].

The voltage doubler topology consists of a paircadss-connected nMOS and
pMOS transistors for charging the capacitors aadsfierring the charges between stages, as
shown in Figure 2.6. This topology is consideredit@ higher efficiency when compared to
the Dickson converter [31, 47, 76]. In additione ttopology shows the advantage of
operating with a high switching frequency. In athgwitching frequency, the topology of
the voltage doubler allows the use of low voltagesistors and small capacitors [9]. Thus,
it achieves a smaller die area [89] and higheciefficy [47, 90]. However, the cross-coupled
structure in the voltage doubler exhibits a fewiaer drawbacks such as substantial

switching noise caused by a large voltage rippketdua sudden load change [91].
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Figure 2.6: Voltage doubler SC DC-DC converter
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2.2.2.3 The Fibonnacci SC Converter

Ueno et. al. proposed the Fibonnaci SC convert@setmaximum attainable voltage gain is
given by the number of stages of approximately éxp€0.483N) [92]. The topology of the
Fibonacci SC DC-DC converter is shown in Figure RIakowski carries out a systematic
investigation and analysis into this topology [483-96]. This gain is the maximum
conversion ratio that can be attained from a twasehSC DC-DC converter by usihgl
capacitors. Theoretically, the conversion ratias lba ranged from 1, 2, 3, 5, 8, 13, 21, and
so on. However, the implementation of the Fibona8€l converter is limited by the
technology considered [41, 97]. To maintain thetage gain multiplication per stage, this
topology requires a high amplitude of clock sig(\d.«) i.e. OV to Fn.1y*Vin . Thus, high

voltage transistors must be used in this topologgvbid transistors’ gate oxide break down.

Veoik1 Verke  Veiki VCLK2V
] ) ) o——e/o—~-— ou

o, (o

lC1 lCZ l C3:: —
:¥C Ij(z VC j/K1 VCJ/KZ COUt

Veik1/ Vewkz/ Veiki

Figure 2.7: Fibonacci SC DC-DC converter
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2.3 Evaluation of Key Components in the SC

Converter

To achieve optimum performance of the SC convettter key components of the converter,

i.e. charge storage capacitors and charge trainafesistors, are analysed as follows.

2.3.1 Charge Storage Capacitors

The quality of the charge storage capacitor in dbeverter is mostly determined by its
parasitic capacitanc€g). The losses due ©r result by a factor of. from its bottom plate,
andp from its top plate of charging capacitors [42]eTiactora is generally more than one
order of magnitude higher than that of the fagtoin [2], o was obtained by measuring the
ratio of the parasitic capacitance of the bottoratelof the charging capacitor and the
charging capacitor itself, as described by (213)4R], a was derived through measurements
of the input and output current. More generallyepresents a term which links the loss to
the total capacitance of the SC converter thatagokin real converter after realisation. The
parametera is technology dependent and varies between 0.Xkajpacitors for LV
applications and 0.4 for HV applications [98].

a :Cp/C
(2.3)

where C and gare the charging and parasitic capacitance pge sta

Several types of capacitors have been summarisesg@dban their parasitic
capacitance, the efficiency))(and the maximum voltage rating, as shown in Table The
charge storage capacitor with double poly technolwas the smallest parasitic capacitance
at about 5%, thus achieving the highesif the converter. A thin oxide capacitor provides
about 5-15% parasitic capacitances, but have aehiggpacitance per area compared to the
double poly capacitor [76]. Poly-metal capacitdisvg a moderate parasitic capacitance and
also then. External capacitors demonstrate a superior quabtypared to the integrated

capacitors by having a very low parasitic capacganitho between 0.1-0.2 percent.

Besides the parasitic capacitance, the maximunageltating is another important

constraint for the capacitor used in a high voltdd¥) SC converter. More details on the
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effect of different types of capacitors to the cemer and a technique to compensate the

effect of the parasitic capacitance will be disedsim Chapter 3.

Table 2.1: Types of Capacitors

Typeg of a maximum n Maximgm voltage References
capacitors (%) rating (V)
Poly-metal 0.2-0.5 50- 75 Medium [76, 90]
Thin oxide 0.05-0.15 68 - 80 Low [76]
Double poly 0.05 80 Low [76, 90, 99]
External 0.002 70- 95.6 High [76, 100, 101]

2.3.2 Charge Transfer Transistors

Transistors, as the charge transfer switch, ard tespass the charges to the next stage and
also block the charges from leakage. The transisiperate in a linear region to transfer the
high volume of charges with a small on-resista®ég 102]. Otherwise, the transistors are in
a cut-off region to block the charges from leakagigure 2.8 shows the current- voltage
(IV) characteristic of an n type MOSFET transidbased on an AMS 0.35um model [103].
In a cut-off region, there is no conduction betwedesin and source or only a sub-threshold
current that is an exponential function of gatersewoltage flow; in a linear region, the
transistor operates like a resistor, controlledh®y gate voltage relative to both the source
and drain voltages. A MOSFET transistor typicalbed as voltage controlled current source
in a saturation region. In order for a MOSFET torkvefficient as a switch, the operating
region of the transistor should be towards thedefe of the load line (smallerpRor on
resistance in the transistor) which is the linegjion of the IV characteristic curve, as shown

in Figure 2.8.

NMOS and pMOS transistors can be used in the dedigm SC DC-DC converter.
An nMOS transistor can be switched off by applyengate voltage dV or effective gate to
source voltage \(gs ) smaller than theé/ry [102, 104]. To fully switch on the nMOS
transistor, the/gs «#0f the NMOS has to be higher than the voltagéatsubsequent stage
[76, 102, 105]. If the voltage difference between subsequent stages is large, it is difficult
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to switch on a charge transfer switch that useaM@S transistor. This situation normally

happens in non-linear voltage gain topologies.

For a pMOS transistor, it can be easily switchedbynhaving Vgs et < OV.
However, it has difficulty in completely switchimgif. The design of the converter has to
consider the bulk of the pMOS to avoid leakageenis from the drain or the source to the
substrate [49, 102, 105, 106].

To achieve satisfactory performance of the SC caereeffective transistor gate

driving strategy is needed. More design approauliébe discussed in Section 2.5.
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Figure 2.8: I-V characteristic curve of a trangisto

2.4 Analysis of the SC Converters

Based on the presented topologies, three SC cemsedre selected for analysis. The
topologies are the Dickson, the voltage doublerthedFibonacci. The analysis is performed

in steady and dynamic states, as follows.

2.4.1 Steady State

In a steady-state, on-resistance of the transigiays a significant role in determining the

efficiency of the converter. The on-resistancenfkienced by the amplitude of the switching
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clock, the sizing of the transistor and the tecbgglconsidered, as shown in (2.4). The
required amplitude of¥/c x depends on the converter’'s topologies. For thé&doic and the
voltage doublerV¢ k varies from \bp to 2*Vpp. While for the Fibonacci's topology, the
Veik swings betweeNpp to Fns1)*Vop [95, 107]. The Dickson converter uses N+1 nMOS
transistors. The total on-resistance of the Dicksamverter is shown b§2.5). The topology

of the voltage doubler requires the highest numlbénansistors witl2N of nMOS an®N of
pMOS transistors. The total on-resistance for thkkage doubler is shown b§2.6). The
Fibonacci converter requirdé numbers of nMOS anaN+1 pMOS transistors and its total
on-resistance is shown 1§2.7). Based on equations (2.4)-(2.7), these show thatder to
achieve lower on-resistance in the converter, fangdth of the transistors and high#gs e

should be used.

2
ras =1/ 94s =0 p / Vpg = 2L [[A1CoxW(Vss eff) * Vbs = @] (2.4)
wherergs is the on-resistance in transistgys is the transconductancel,, and 0Vg are the
differential of the drain current and the drainstaurce voltagel. andW are the length and
the width of the transisto¥ss eriS the effective gate to source voltagey is the gate oxide

of the transistor). is the output impedance constant apis fihe mobility of electrons.

N+1 2Ly 2.5
Ron_ Dikson = Zi:l ol v )2 ( )
DS
AntnCoxntVhi VGs _effni) * Vbs ~ o
2N 2L, 2N 2L pi 2.6
Ron_ Doubler =Zi:1 . Voo)? +Zi:l Voo)2 (2.6)
AnHnCoxnWhi (VGS_effni) *Vps — DZS An:upcoxpwpi (VGS_efpr *Vps — DZS
2Ly 2L
Ron _ Fibonnaci = ZiNzl = (V )2 + ziZ:l\iﬂ £ w )2 (27)
An#nCoxnWhi (Vs _effni) *Vbs ~ =Bs At pCoxpWp (Vas _effpi) * Vbs ~ DSl

2 2

whereR,, is the total on-resistanc®gs emmiand Vgs erpi are the effective gate to source
voltages applied ta, of NMOS and pMOS respectively in thenumber of stages of SC

converter, A, is the output impedance constant,, is the mobility of electrons/hol& oy,

Lnpi, Whpi @re the gate oxide capacitance, the length anditta foriy, of n(MOS and pMOS

respectively.
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2.4.1.1 Simulation Results

The three SC DC-DC converter topologies were sitadldn Advanced Design System
(ADS) 2009 based on 0.@gB, CMOS technology. To have an equal comparison, all
converters were simulated on their best performamteng. Width of nMOS and pMOS,
charge storage capacitanc€y and output capacitanc€d,) were sized at their respective
optimum values based on previous research works43195, 108]. While the length of
nNMOS and pMOS were set to slightly higher thanrtheimum channel length i.e. .
Three of the converters were driving the same duggad. Thus, the output currents were
fixed and the voltages will be evaluated. The coleve were switched on and off by two
non-overlappingve ki and e ke with Vpp of 3.7V. The measurements of the voltage drop
across respective transistors were performed taaalyg state, where the dynamic loss can be

neglected.

In a steady state, the transistors in the topotogfehe Dickson, the voltage doubler
and the Fibonacci are equivalent to the on-resistaas illustrated in Figure 2.9, Figure 2.10,
and Figure 2.11 respectively. The on-resistanag@M@®S and pMOS are represented by the
RN and the RP, respectively. Approximately similambers of transistors were used in the

converters to have a comparative analysis of th&el® by the components in the topologies.

VRN RN2 RN RNe BNe RN6 RNTVo

T Cr Cg C3 Ca7Cs57 Cs7 Coy
. S S1 S S S |

Figure 2.9: lllustration of transistors in a DioksSC DC-DC converter in a steady state

27



Chapter 2:High Voltage Switch Controller based Tplmse Step-ufC DC-DC Converter

|

Lae
s/ Sj{s

‘ Vin St S2 Si Sa Vo )
1 Coﬁ:

7 Ve - e % )
ERER
RN:é

L)

Figure 2.11: lllustration of transistors in a Filaoni SC DC-DC converter in a steady state
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Figure 2.12 shows the simulation results of thaltasistive voltage drop due to on-
resistance in transistors for three different cotere’ topologies. All of the converters’
topologies have half of their total on-resistangerated in each clock cycle. Generally,
NMOS transistors show higher on-resistance comperguMOS transistors. The Dickson
topology, which uses all nMOS transistors, shoves Highest total resistive voltage drop.
The output voltage of the Dickson converter hasmbesgluced by a factor of (N+1)%Y
which contributed by the threshold voltager(V in the forward biased MOS diode-
connected transistors. The voltage doubler shows@erate on-resistance with a weaker
Veseir. The Fibonacci topology has the lowest on-resestamith its highVss eand a large
width over length \(//L) ratio. The simulation results are aligned witk tterived equations
in (2.5)(2.7) that higheNgs_sand wider W reduce the on-resistance in the coenser

90.2

o \DD1

5 0 ‘ ‘

> 0 2 4 _ 6 8 10
Switches

e=g=s Dickson emsmm\/oltage Doubler e==Fibonacci

Figure 2.12: Total resistive voltage drop in tl& [3C-DC converters at a steady state
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2.4.2 Dynamic State

In a dynamic state, the main charge loss in tréorsiss due to the gate capacitances and the

drain or the source to the bulk capacitances, asrsim (2.8) and (2.9).

Qox :CoxVGS_eff Why pLn/sp) (2.9

Qs/pB =CjVes_eitWn/pkn/p * 2CjswVes eff Wn/p + Ln/p) (2.9)

where Qox and Qspg are the charges consumed by gate oxide and draiogs to bulk
capacitances respectiveMy,, andL,, are the width and the length of nMOS and pMOS

transistorsCox is the gate oxide capacitan€gandCi, are the junction capacitances

Since same value df,, was used in the converters ang, is much smaller than
W, thusL,, was eliminated from (2.9). The total charge loss gwitch is obtained by
summing(2.8) and (2.9), as shown by (2.10).

QLoss = [Coxl-n/ p + CjV\/n/ an/ p + 2stw]\Nn/ pVGS_eff (2-10)

By excludingL,;, Cj, Cisw andCyx parameters which depend on the technology coreider
the remaining variables awé,, andVgs ¢« The total charge loss in transistors is propogio

to Wy, andVgs _ein @ dynamic state.
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2.4.2.1 Simulation R esults

Figure 2.13 showshat the Dickson and the voltage doubler hdeeer dynamic charge
losses irthe transistorsLow Vgs esand narrow widths ahe transistorare the reasons for
the low dynamic charge loes. The Fibonacci converter usekigher Vs ¢sand a greater
width of the transistarto accommodate the high volume of charge transferciock cycle
Thus, higher charge is consumedthe transistors in thEibonacci topology aa dynamic

state when compared with the other topologieseas mFigure 2.13.

=m=Dickson ==p=\/gltage Doubler ===Fibonacci
Switches
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Figure 2.13Total charge loss the SC DC-DC converters atlgnamic stat

2.4.3 Comparisons

Simulation results have been summarised evaluated fronthe perspective ctotal voltage
loss, as shown iRigure2.14. Simulation results suggest that lowerrasistance at a steady
state can be obtained by using higVss esandW/L ratio. Howeverlarge WIL ratio of the

transistor will cause highercharge loss in a dynamic state.

The Dickson anche voltage doubler converters have higher voltage fegsgair
compared to the Fibonacci conver The Dickson converter with MC-diode connected
structure has a weakss ¢t Which results in a high oresistance in the transistorsa steady
state A better performance of the Dickson topology carableieved by introducing a prof

gate driving technique to improve the conductiatyhe transistors in the conver[31].
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The voltage doubler also shows a moderate to highesistance with a weaker
Vssefi. Auxiliary transistors can be used in the voltalgeibler to increase thégs e«from
Vpp - 2*Vpp to 0 — 2*\pp to improve the conductance of the converter [@nerally, the
voltage doubler operates at higher frequencies aosapto the Dickson and the Fibonacci
topologies. The voltage doubler has been designtidtiae operating frequency as high as
150MHz in previous research work [47]. In this higherating frequency, high parasitic

capacitance loss is another issue to be considered.

The Fibonacci SC converter exhibits the lowestag# drop per gain and thus,
achieves the highest voltage conversion ratio. HFib®nacci SC converter shows a very
small on-resistance in the transistor with its higls .sand a large width of the transistors.
However, this highVgs esand a large width of the transistors cause therffiol to be the
converter with the highest dynamic charge loshettansistors. Even though the Fibonacci
topology shows a higher dynamic loss, the resultdthge loss from the dynamic state is
relatively low compared to the steady state. Intamid the Fibonacci converter works in the

hundreds of kHz frequency, which has less parasdpacitance loss [95, 102].

The Fibonacci SC topology demonstrates the higheltage efficiency with the
lowest voltage drop compared to other topologiealso achieves the highest gain with the
minimum number of capacitors among the three tapeto In the next section, the design

strategies for switching the Fibonacci SC convestiéirbe presented.
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Figure 2.14 Comparison of total voltage drop veritage conversion gain amongst the SC DC-DC

converters
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2.5 Transistor Gate Driving Techniques

The effective transistor gate driving techniques assential to ensure that the transistors
work in linear or cut-off region while being switth on and off, respectively. Most of the
previous works are based on pure topology aspectsharacterise the Fibonacci SC
converters [46, 93, 94, 102, 109]. They treat tsdoss as ideal switches in their analysis.
Some gate driving strategies have bee proposelihited to low and medium voltage gain

and required more clock phases for the implementdf5, 102, 107].

The proposed design strategies which provide tlecttfe gate voltages to the
Fibonacci topology and consider also the reliabilof the technologies used in
implementation are shown in Figure 2.15 and Figud6. When the clock 1 (CLK1) is
HIGH, a boosted signal is obtained at output p&tvhich follows CLK1, but has a higher
magnitude. SimilarlyP1 follows CLK2 which is non-overlapped version of IKL These
boosted signalsPl andP2) are used to trigger the transistors to switctooaff, to form the
alternating charges flow across the capacitorphaise 1 and phase 2, as shown in Figure
2.15. By connecting the source and bulk of pMOS8disiors to the highest terminal of each

stage, this can effectively reduce the leakagesotto substrate.

Most of the switches are pMOS based transistotiseggsprovide higher efficiency in
charge transfer process compared to nMOS basedidians in this design. NMOS
transistors are used for the switches located theaground terminal, as shown in Figure
2.15. When the bulk terminals of nMOS transistoesa@nnected to the ground terminal, the
body effect of nMOS transistors can be eliminatddctv increases the overall voltage gain

per stage.

Figure 2.15 demonstrates the implementation ofep-8p Fibonacci converter for
low to medium voltage conversions. A diode is pthbetween ¥y and the level shifter to
provide an initial voltage for starting up the leghifter. When the output voltage is higher
than \pp, the diode will be turned off. The output volta®k,) of the Fibonacci converter
can be directly fed to the level shifter for a leglelock magnitude. By switchirfgl andP2
voltages between 0V artgy.1)*Vpp, a sufficient voltage level can be obtained foitsiwng
off the pMOS transistors. To switch on the nMOSsrators, a voltage of 34 is enough
when the source and bulk terminals of nMOS traosssare connected to the ground. Both

pMOS and nMOS transistors can be easily switcheahahoff by using OV respectively.
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Figure 2.15: Hective gate driving technigtfor a low to medium voltage conversion gain Fiban&CDC-DC converter
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This gate control technique is quite straightfomyagince these transistors will not
face the risk of exceeding their technology maxiniumits of gate source voltage €Y max)
and drain source voltage ¥ wax). High voltage thick oxide transistors are usethwhis

topology to avoid transistor gate oxide breakdown.

For a high voltage conversion, auxiliary transistbave to be used to boost the
voltage at each stage or cell based on the dewtlegberence voltage from other nodes. It is
not appropriate to direct switching the gate vadtayf the transistors between 0V and
Fn1y*V oo. The gate of the transistors will suffer from tk@awn with high voltage level
stresses at 34 For instance, a 34 voltage of — 29.6V needs to be held by transistomn

8X Fibonacci converter with a 3.7V oby.

The gate driving approach in this nonlinear topglaog different from the linear
topology such as the Dickson converter. In thedlirtepology, CLK1 and CLK2 are able to
access each cell node, thus an initial voltage lmampumped through the capacitors in
parallel. Previous researcher proposed a backwartiat which uses the already established
high voltage to control the transistors of the pyas stage for biasing the linear topology
[49]. However, this approach is not suitable fax Fhbonacci converter, where clock phases
are not directly attached to the capacitors. In Ritgonacci converter, all capacitors are
flying capacitors, which mean both end terminalstiod capacitors are connected with

transistors rather than fixed at supply or growndinal, as shown in Figure 2.16.

For this reason, a forward control technique ipsed for the Fibonacci converter.
As shown in Figure 2.16, each cell of the convectarsists of three main transistors. Each
transistor needs to be able to turn on and offi@tdesignated clock phases to allow charges
to be pushed to the next stage, and block charges leaking to the previous stage or
ground. An example of driving the three main tratwss in the fourth stage of the Fibonacci

converter has been used to illustrate the proptsguhique.

For instance, by using the previous cell node galtee.g. V(C2)as the source
voltage and the current cell voltage, V(C43 the drain voltage for auxiliary inverters, the
transistor, MP1_4, can be turned on by V(C2) amded off by V(C4), as shown in Figure
2.16. For the middle transistor, MP2_4, a gateediircuit is also needed to generate a
boosted voltage for switching MP2_4 on and offret ¢lesignated clock phases. Therefore,
the drain of MP2_4 is connected to the drain of M8lvhile the source port of MN1_i4

grounded For the high voltage conversion Fibonacci convettes voltage at the drain of
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MNZ1_4in the higher stages will sustain some voltageltekather than being grounded, due
to an increasing volume of charge trapped in thmacitors. Therefore, for long cascaded
stages of the Fibonacci converter, there will beoldage present at V(C4_03s shown in
Figure 2.16. It is easier to switch on and off dmarge transfer switch by using an nMOS
rather than a pMOS. Thus, MP2_4 have been replageth nMOS (MN2_4), which will be
switched on and off by a level shifter (AP2_4 and2A4). The MN2_4 can be turned on by
V(C4) and turned off by V(C4_0). By using the refiece voltage for switching the
transistors, it will not exceed the technologicahils of Vps max and Vs wax of the
transistors. For the bottom nMOS transistors, MNwih its ground reference terminal, a

voltage level of OV and M, is enough to turn the transistor off and on.

For long cascaded stages of the Fibonacci conyerteombination of level shifter
and the proposed forward control technique can de=l.uA level shifter can be used to
provide the required voltage levels for the trasssat the first, second and third cells, as
shown in Figure 2.16. For the fourth and highegesaof cells, the forward control technique
can be used, for effectively driving the transistofhe voltage supply (¥) of the level
shifter has to be connected to the internal cetlenmather than the output voltage of the
converter in order to avoid the breakdown of ttamsistors. By doing this, the number of
auxiliary transistors can be reduced and the tstorsi remain operating within the

specification margins.
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2.5.1 Optimisation of the Fibonacci Topology

The Fibonacci topology can be optimized based @adtors or transistors. By optimizing
these two elements, slow and fast switching linwfsa converter can be determined.
Capacitors in the Fibonacci converter do not céiney same DC voltages. The voltages in
capacitors follow the Fibonacci sequence [93]. Byg the charge balance model (2.11), the
size of the charge storage capacitogd@ should be arranged in reverse order of the
Fibonnaci sequence, as shown in Figure 2.17. Tigedacapacitor should be placed next to

Vpp and the smallest next to output load capacitgy.(C

C=Q/V (2.11)

The optimization can also target the sizes of tsamis. Using too large transistors
will increase the parasitic loss; conversely, smié switches are not able to accommodate
sufficient amount of charge, which results to a dowoutput voltage for a particular

frequency. Sizes of the transistors should follbevmnultiplier €), as shown in Figure 2.17.

Veiki Ve Veiki VCLK%/
Vop 39~ V(C1) 29 —"W(C2) g - W(C3) 9_~ V(C4) d V(out)
5q JS*CStorL 3ql3*c5toﬂg qu Z*CSto_re Qi CStOLe__ cStore_

t% VC}KKZ T VC)ZK1 __chﬁz C3_:VCLK_1 Ca] Cr

q q

3 q V,
Ve { Veiko f Veika f e f

Figure 2.17: Charge flow and optimisation in thieofRacci SC DC-DC converter
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2.5.2 Simulation Results

To demonstrate the effectiveness of the proposesl @raving techniques, the Fibonacci
SC converter, as shown in Figure 2.16, is desigmetl simulated using AMS 0.35um
technology. A \bp of 3.7V was supplied to the converter. The lengfththe transistors
was set to 1um while the width of the transistoiived the multiplier ) sequence with
minimum of 1000um. Capacitor {9 was set to the market available size, 33nF. Non-
overlapping clock signals, &¥«: and V- k2, were generated for switching the converter to
avoid charge leakage from short circuit path. Ahhigltage transistor device model with

Vs _maxand Vbs_max Of 20V was chosen for the simulation of this caotee

The simulation results demonstrate the effectiveradsthe proposed gate driving
techniques for the Fibonacci SC converter, progjdinconversion efficiencyn] of up to
88%. The transistors can be turned on and off etd#signated clock phases and without
exceeding their transistor technology limits, asvahm in Figure 2.18. The magnitudes of
Ve and Verke swing from 0V to 3.7V, while the magnitudes of &1d P2 swing from 0V
to 10.3V. Both switching signals remain within thigs wax of the transistors. Similarly,
Vs max Of the transistors is kept within the transistehnology limits. For example,p¥
of transistor MP1_2 is determined by the voltagéettnce between V(C1) and V(C2)
which is less than 20V, as shown in Figure 2.16owSand fast switching limits of the
converter are also demonstrated. A faster risaraop tan be obtained by multiplying the
capacitors with the reverse of the Fibonacci seceieWwhereas, using same size capacitors

lead to an output with a longer rise-up time, amashin Figure 2.19.
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Figure 2.18: The internal node voltage levelstfie8X Fibonacci SC DC-DC converter
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2.5.3 Verification

The5X Fibonacci SC convert has been realisda using discrete components, as shov
Figure 2.20. @ramic capacito, which have a low equivalent series resistalESR, have
been used in the prototy. A function generator was used to generate tlput non-
overlapped clock signaCLK1 & CLK2. Figure 2.21show the prototype provides a volte
conversion efficiencyy of 72%. The slightly discrepancy is due to higher V1 in the
discrete transistors and also the-ideality in CLK1 and CLK2.
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Figure 2.20:The fabricate 5X Fibonacci SC DC-DC converter by discretenponent (a) circuit
diagram (b) prototype
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Figure 2.21: Measurement result of the SC DC-Dveater

2.6 Discussion

Generally, nonlinear voltage gain SC converters adopted for discrete
implementations. They have been seldom used imgratied circuit (IC) implementations,
since it was considered inefficient for this usg9][ Only recently, a few nonlinear voltage
gain SC converters were developed in an IC envissmrbut their designs were either low
voltage gain design [110, 111] or using off-thelsbemponents [76]. Thus, with the limited
current state-of-art IC technology, discrete tedbay is still the best for nonlinear voltage
gain topology implementation [40].

Due to voltage differences between stages of therféicci converter being high,
thus higher voltage ripple is observed at the dudpthe converter. A large output capacitor
has to be used to compensate the voltage rippls.i¥mot an issue for discrete capacitors
which have a high capacitance per area and a @&y sapacitance. A significantly smaller
prototype area can be achieved by using transisaos capacitors in surface-mount
assembly (SMA) packaging.
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To consider the nonlinear HV SC converter for ICht®logy at a future stage of
development, two main factors need to be considefadt, the transistors have to be
selected within the high voltage rating limits. &ed, the capacitors have to choose from a
high capacitance per area and a high voltage rétinigin order to minimise the area and

achieve high reliability.

2.7 Summary

Topologies of two-phase SC DC-DC converters, asrothers for tunable RF devices, have
been discussed in this chapter. These include itles@n, the Bootstrap and the interleave
topologies for linear voltage gain topologies; fan-linear voltage gain topologies, they
have the series-parallel, the voltage doubler ardFibonacci topologies. The properties of
the main components in an SC converter, which apadtors and transistors, have also
been analysed in order to identify the parameteas influence the performance of the
converter. Losses in the topologies have been cadpa steady and dynamic states. From
the comparison, the Fibonacci SC converter has loegtified as having the lowest voltage
loss per gain compared to other topologies. Thp®lbgy also shows the advantages of
using a lesser number of capacitors, which resules high conversion ratio. However, the
implementation is complex for a high voltage gaihoRacci SC converter because of the
requirement for a widely different gate voltage floe transistors in the Fibonacci converter.
For this reason, two gate driving techniques fgslamenting the Fibonacci SC converter for
both low and high step-up conversion ratios havenbproposed in this chapter. The
proposed gate driving techniques only require ademiliary transistors in order to provide
the required boosted voltages for switching theadiisiors on and off. As a result, the
proposed gate driving techniques reduce the desigiplexity and increase the reliability of
the Fibonacci SC converter. The sizes of the tsémis and the capacitors of the converter
have also been optimised for a higher switchingedp&he simulation results verify the
proposed techniques. A prototype of the Fibonacoierter has also been fabricated. Good
agreement has been achieved between the measutesinamation results. Figure 2.22
summaries the areas and the challenges presentad inhapter. In the next chapter, the

design of linear voltage gain topology in integdatechnology will be discussed.
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High Voltage Two-Phase Step-Up Switched-
Capacitor DC-DC Converter
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Figure 2.22: Summary of the areas and the chalteaddressed in Chapter 2
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Chapter 3:
High Voltage Switch Controller
based CMOS SC DC-DC Converter

3.1 Introduction

Design of a non-linear voltage gain converter baeeddiscrete technology has been
presented in Chapter 2. This chapter presentsrdesid development of an integrated two-
phase HV SC DC-DC converter. Novel design techridioe a higher output voltage and
lower power consumption in a smaller die area aopgsed. The design of the HV SC DC-
DC converter is based on low voltage (LV) trangistm order to achieve higher voltage
conversion. However, it is very challenging to desHV converter using low voltage
transistors in CMOS technology. Two inter and fistdges adaptive biasing circuits are
proposed to eliminate the leakage current, henciliag very high current peaks flowing to
the substrate. Through the proposed design tecksighe SC DC-DC converter achieves
higher boosted voltage compared to converters ubat HV transistors. In addition, the
design parameters of the SC DC-DC converter haes lamalysed and optimised. The
effect of parasitic capacitance in high voltageazdtor has also been identified and reduced
by the charge recycling circuit. Thus, these sigaiftly reduce the die area and the power
consumption of the proposed SC DC-DC converter. grbposed HV SC DC-DC converter

has been benchmarked, taking into consideratioriqure research works in the literature.
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3.2 High Voltage Switch Controller based CMOS SC
DC-DC Converter

There are several types of topologies for SC cdakgesuch as linear voltage gain [38, 49],
doubler voltage gain [47, 89, 90], and Fibonaccitage gain [46, 97], as have been
discussed in Chapter 2. When implemented in CMQ@8&ni&ogy, the linear voltage gain
shows the best performance among these topolo¢sHrevious research in linear voltage
gain SC converters is targeted at non-volatile nigmdnere the focus of the research is on
LV operation and high output currents [47, 49, 38, 98, 106]. However, these design
merits are not suitable for an HV SC DC-DC convetdegeted at RF switches, in particular
RF MEMS applications. Most commercially available BC-DC converters are limited to
maximum output voltages between 12V and 15V. Taeaghhigher output voltages, bulky
and costly solutions based on external discretepoments tend to be used. This chapter
presents a complete design, analysis and syntbiearsintegrated HVY SC DC-DC converter

for low power consumption and small die area in C3A@&chnology.

RF MEMS switches require an actuation voltage ardinge of OV to 30V which is
provided by a customised SC DC-DC converter deSigpe. area of the SC converter has to
be small for the integration with the RF MEMS irsiagle package. To reduce the output
ripple and gate oxide stress, an interleave stredioear voltage gain SC converter topology
[78, 106] is applied. The initial design of thisnerter is for an LV converter application
[78, 106]. In this work, an HV SC converter basedtlie enhanced LV interleave topology
is proposed.

3.3 Operation of High Voltage SC DC-DC Converter

The design of the enhanced LV interleave topologgits with the operation of the
converter, as shown in Figure 3.1. Each stageeofth converter is composed of an nMOS
transistor (NM), a pMOS transistor (PM), and a givag capacitor (C). The second row has
the same topology as the first row. ClockCLK1) and clock 2 CLK2) are non-overlapped
clocks. WherCLK1 is HIGH, a boosted signaP{) is obtained at the source termingl ¢f
the transistors, as shown in Figure 3.1. The wawefof P1 follows CLK1, while P2

follows CLK2. These boosted signalBY andP2) are used to trigger the MOS transistors to
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switch on or off, to form the alternating chargewl across the capacitors for phase 1 and
phase 2. For instancBl is HIGH whenCLK1 in the ' stage of the SC converter is HIGH.
HIGH P1 will switch on NM,; and switch off PN, in the 29 row of the SC converter.
Similarly, when CLK2 in the " row is LOW, it will switch off NM; and switch on PM.
The off state of PM and NM;; will block the charge from going back to the pms stage,
while the on state of PMand NM; will pass the charge to the next stagé.andP2 in this

interleave structure provide effective gate switghpotentials for boosting up the charge.
Different biasing techniques to control the n-typeential (\& ) and the p-type potential
(Ve _p), and the bulk-substrate potentialg(yj of the transistors in inter and final stages are

discussed in the next section.

1 row of switched-capacitor DC-DC converter

VB.s VBN I_l Vg p VBs VBN _LI_ Ve p
1 T :ju ; T :jx_rg
S S S S
NM .
i nHnT., CJ- PMy J\> i CJ- PMy [ 5",
L e, e e
Vb5 l - ,I -I/Charge Flow o l "
Py e CLKL P2 (CLK1) pT ClKZ: P1
1st stage JUu 2nd stage -r

Ves VBN _LI_ Ve p VBs VBN J-L Ve p
EIZE 7 Izju = Ij_f”
S S S S
% NM. C PMay| it N.Mzz—l— C J‘ PM2
D- I :"‘:““-“.“1"" i“-”‘ l I
P1 we PP i© (""CrEEZF)'OW P2z e CLKL P2

Figure 3.1: Interleave structure linear voltagendaC DC-DC converter
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3.4 Design of High Voltage SC DC-DC Converter

The bulk potential of the transistors needs to tmpgrly biased when LV transistors are
employed in an HV design in order to avoid cirdaiich-up and break-down. In [78], the
bulk of NMOS and pMOS transistors are recommendebtet connected to their source.
Improvements in operating pMOS transistors aremeended in [106], but the designs are
still limited to LV applications only. In this workwo adaptive bulk biasing circuits for inter
and final stages of the SC DC-DC converter are gse@. Through the proposed adaptive
bulk biasing techniques, the leakage current isiehted. Thus, the reliability of the SC

converter for high output voltage using low voltagmsistor technology is assured.

3.4.1 Adaptive Bulk Biasing Circuit

The proposed inter stage adaptive bulk biasingitgdor pMOS and nMOS LV transistors
are shown in Figure 3.2(a). In the case of a somdlersion ratio SC converter, the bulk of
the nMOS transistors @/\) was grounded. However, for a larger conversiaio r&C
converter, if \4 y is still at zero potential, not only it will incase its bulk effect significantly
but also may cause the transistor to break dowmine potentials between the drain-bulk,
source-bulk and gate-bulk are greater than thentdoby specific voltage limits. Thus, two
auxiliary nMOS transistors (NDand N§) are used to adaptively set thg yto the lowest
potential between its drain (D) and source (S)vere stage, as shown in Figure 3.2(a). For
instance, when the potential of the drain of nMG3iigher than its source, N®ecomes
forward-biased, and sets the N approximately to nMOS’s source potential. On tligeo
hand, when the potential of the drain of nMOS igdothan its source, NDx sets thg y/to
nMOS’s drain potential. By having this adaptivekbbiasing circuit, the ¥ y will always be

at the lowest potential and within the technolagyitl Similarly but in an opposite way, two
auxiliary transistors (RSand P} ) are used to set the bulk voltage of pMOg fVto the
highest between its drain and source, as shownigaré 3.2(a). Through the proposed
biasing circuit, the source-bulk voltage in eacystof the SC converter no longer increases.
Thus, the threshold voltage £y remains almost constant even with a large nundber

stages.
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Figure 3.2: Single stage of the SC DC-DC convesi#it adaptive bulk biasing circuit (a) schematic,
(b) the equivalent cross-section in floating pMO®&ttansistors, and (c) the equivalent

cross-section in floating nMOS LV transistors wiidrasitic elements

The cross-section views of two types of transis(@®el and NM) in a single stage
SC DC-DC converter are illustrated in Figure 3.24dlhd (c). In this design, the conventional
substrate-based (standard) LV transistor is refldog a floating LV transistorThe

substrate-based LV transistor generates substoéde and collects substrate current [103].
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The floating LV transistor has an additional ismatlayer, which is not found in standard
transistors, is to cater for the technology allodimit between bulk-substrate from 7V to
50V. In addition, the floating LV transistor is morobust against substrate noise. The
floating LV transistor is available for all HV press options. The process option used in this
design is the 0.36n 50V CMOS Design Kit. The area penalty for theaafing LV transistor

is negligible.

The PM is a floating pMOS LV transistor with deemashallow N-wells on p-type
substrate, as shown in Figure 3.2 (b). The deeeNis/the isolation layer. The shallow N-
well is the bulk of the PM. Both N-wells have to i@sed with the highest potentialg(¥)
to avoid switching on the junction diode and furtleggering the parasitic PNP bipolar
transistor as shown in Figure 3.2 (b). Thus, thistrates the importance of two auxiliary
transistors (PD and PS) laid on both sides to thiedulk and substrate of PM to the highest

potential to ensure that no leakage current is ditathe substrate.

Figure 3.2 (c) shows the cross-section view oialsifloating nMOS LV transistor
biased by two auxiliary transistors (N@nd NSJ). This additional isolation layer will be
biased by the substrate potentiak (§f which is obtained from the g% as shown in Figure
3.2 (a). For the bulk biasing in the nMOS, it isméar to the pMOS but in an opposite way.
The bulk of the nMOS has to be biased to the radbtilowest potential through NDand

NSx to avoid switching on the parasitic NPN transistor

Through this adaptive biasing technique, the HV @&@verter can be prevented
from latch-up, which guarantees the reliabilitythé HV SC converter design using LV
transistors. The work presented here is not limitedloating LV transistors and can be
extended to other standard/substrate-based LVistars by ensuring the targeted output

voltage of the design is within the technology athdble limits of the transistor models.
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3.4.2 Output Stage of the SC DC-DC Converter

The proposed adaptive biasing circuit for the ougpaige of the converter has been carefully
designed to accommodate the voltage ripples wheingrthe variable capacitive MEMS
load, as shown in Figure 3.3. The bulk of the PNhatfinal stage of the converter is biased
by the voltage that is slightly higher than thg\{Vg ¢), as shown in Figure 3.3. The; ¥
can be obtained by complementing the two boostédges (\kci and Wc,). These boosted
voltages are obtained fromyVand V. that are connected to the output nodg,)\through
two small auxiliary transistors (Mx) and capacitors (fgx), as shown in Figure 3.3. The
Vxc1 and Ve, can be obtained through the transistoefMand a serial large resistoryR
The magnitudes of ¥; and V¢, are slightly higher than ) and R or P, but within
technology allowable limit of the transistors. Byngplementing the ¥-; and Ve, through
the adaptive output reference, a rather lingagsan be obtained. By using this output stage
biasing circuit, the SC converter can directly barected to RF MEMS switches without
adding a large output capacitance to compensateighke due to the variable capacitive
load. By avoiding the large output capacitance,ptmposed design demonstrates a smaller

die area and a faster rise time.

1st rowof DC-DC SC converter
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'J |_| AUX

NM C_I_ PM M aux — Ver —i
I I I Vv F’lv><1 _"l-[;z-"l""' Vi b,
out H !
P2 CLK1 P2 Oﬁ::lx E I er Mtj
A L[]
Vg VB N VB F 3 Vier CLKL! Clk2

<
L Rx Adaptive output voltage reference ERX
-0

NM 1 PM = =
I ™

Pl CLK2 P1

2nd rowof DC-DC SC converter

Figure 3.3: Output stage of the SC DC-DC convesfiit an adaptive output stage biasing circuit
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3.5 Analysis of the Design Parameters of High
Voltage SC DC-DC Converter

3.5.1 Voltage Gain Efficiency

The main components of an SC DC-DC converter adrtnsistors and the capacitors. The
first integrated SC DC-DC converter was introducefB8]. For an ideaN stage SC DC-DC
converter with ideal transistors and capacitoryedriby a clock frequenc§; the output

voltage Vou ipea) Can be expressed as in (3.1).

NI
C (3.1)

Vout_|DEA|_ =(N+DVpp -

whereN is the number of stage¥pp is the supply voltagd, is the output current is the

charging capacitance per stage, aisdthe switching frequency of the SC DC-DC coreert

The output voltage of an ideal SC DC-DC convertperating at 25MHz with
supply voltage of 3.3V is illustrated in Figure 3¥he output voltageW,,) increases with
the number of stagedl) but decreases with the currehf) drawn from the converter. The
bigger size of the charging capacit@) exhibits a higher load driving capability which i
able to draw more current without significantly dedjng the output voltage of the
converter. Capacitors are the components whichurnesthe most design area in CMOS
technology. For the 0.3B1 AMS technology, the density of the capacitance in ah H
environment is at least three times less than #pacitance in an LV environment. For
instance, the densities of the HV capacitanced27fFim®in CPM structure (POLY1-
MET1-MET2-MET3) and 0.246ffm?in CWPM structure (DNTUB-MET1-MET2-MET3)
[103]. On the contrary, the density of the LV cafmawe is 0.86ffm”in CPOLY structure
(POLY1-POLY2) [103]. In other words, the area of ttonverter for an HV is significantly
larger than an LV design. Since the SC convertquires a very low output current in
actuating RF MEMS, small charging capacitors asslusesulting in significantly reduce die

area.

For the SC converter with a linear conversion ratibich exhibits a similar charge
multiplier coefficient at each stage, equal sizeldrging capacitors are used in every stage.

Capacitance optimisation, as in previous reseamtk 5, 97, 112], is not suitable for this
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linear conversion ratio SC converter. By havingegual charging capacitor in every stage,

the driving capability for a defined amount of ceifgnce is made optimum [42].

Capacitance (pF)

Number of StagesN)

Figure 3.4: Output voltage of an ideal SC conveftdthout loss) operating at 25MHz for up to 20

number of stagedN), and three different output currentg)

3.5.2 Power Consumption

Power consumption is critical in mobile devicesughit is highly desirable to reduce the
power consumption in the SC DC-DC converter. Thesgroconsumption of the converter
can be determined by (3.2). Sinds, is fixed, the input currentyes is the parameter to be
minimised.

Ppower = | power VDD
(3.2)

wherel,ower i the average input current avigh is the voltage supply

In a steady state, the SC converter has a curcgrsunption | ) which

steady _ state
depends on the amount of the output currgitand the number of stages)(as shown by

the first term in (3.3) [42]. In a dynamic statbgetcurrent consumptiona(

Dynamic _ state )
depends on frequencil and parasitic capacitancegfCas shown by the second term in

(3.3). More analysis of Gwill be presented in the Section 3.5.3.
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I power =~ Al steady_ state +Al Dynamic _ state

power =(N+1).I +N.Cp.fVpp (3.3)

where lyoner is the average input currentl is the steady state current

steady _ state

consumption, and| is the dynamic current consumption

Dynamic _ state

3.5.3 SC DC-DC Converter with Losses

The performance of the SC DC-DC converter is dezptaoly the parasitic effects of the
transistors and the charging capacitor. The paasftects include the non-ideality in the
charging capacitors ¢grand the threshold voltag¥+) in MOS transistors as given by (3.4)
[38]. The losses due 1Gp result by a factor ofi from its bottom plate, anfl from its top
plate of charging capacitors [42]. The faatas generally more than one order of magnitude
higher than that of the factd¥, so focus will be orn. The parameten is technology
dependent and varies between 0.1 in capacitorsLYorapplications and 0.4 for HV
applications [98]. Techniques to minimise the dBeof these parasitic losses will be

presented in Section 3.6.

N.
C+

NI
(C+Cp).f (3.4)

C
Vout =I( e ) +1Vpp ~(N+D)Vry -
P
where N is the number of stagespVs the power supply, lis the output current, is the
threshold voltage of the switches, ahds the switching frequency of the SC DC-DC

converter

3.5.4 Optimisation of the Design Parameters

As shown by (3.3), the parametBr plays a significant role in optimising the power
consumption. The power consumption can be redugeopbmising the number of stages
based on derivation from output currehf).(By minimisingl,, the optimum number of
stages (Np) can be derived as given by (3.5) [42]. For anc®Bverter with maximiset|
(3.6) [40], significantly higher power is consumk a similar voltage gain compared to
(3.5)[42], as shown in Figure 3.5(a). The differeft power consumption at higher voltage
gains is considerable. Higher degree of non-idealithe HV capacitor shows higher power

consumption compared to the LV capacitor which aasnallera. parameter. For instance,
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C®OC DC-DCConverter

for a voltage gain of 10 using 4pF per stage, tBec8nverter consumes more than 10mw

compared to 3mW by having= 0.4 andy = 0.1 respectively.

_ a .\ Mout
Nop_min =@+ _)(V__l) (3.5)
1+a DD
vV, t
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Figure 3.5:Comparison of power consumption and voltage gaimbymisingl, (O) and maximising

I (A) design (aPower consumption of an SC converter with paraséjgacitance losses of
a = 0.1 (dotted line) and = 0.4 (solid line) ang = 0.05, threshold voltager\ = 0.7V (b)

Required number of stages based on different veltmins
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Figure 3.5(b) shows the required number of stagea particular voltage gain given
by (3.5) and (3.6). For a particular voltage g#ie SC converter with = 0.4 and3 = 0.05
for maximising thel,, requires 37% more stages compared to the SC kenvior
minimizing thel,. Besides that, by having a lower the required number of stages for a
particular voltage gain can be further reducedstesvn in Fig. 6(b). To reduce the effect of
non-ideality in HV capacitors, a charge recycliaghnique which significantly improves the

power consumption of the SC converter will be pnése in Section 3.6.2.

3.5.5 Design Example

To better understand the use of the analysis pederonsider an SC converter for
generating a 30V voltage with a very small outputrent of 1@A and an input voltage of
3.3V. Assuming parameter= 0.4, the optimum number of stages is obtainebefrsg 13,
given by (3.5). Based on (3.6), the required nunadfestages increases to 17 if more output
current is needed. There is a trade-off for thedain of the switching frequency. Smaller
charging capacitors can be used for a higher simigcfrequency. However, a higher
switching frequency will increase unwanted RF noisethe system. For a switching
frequency of 25MHz, the charging capacitor per etég about 0.32pF based on (3.1).
Equation (3.4) is rewritten versusoNas given by (3.7). The loss in transistors thas wa
neglected in the derivation of (3.5) in [18] haswmnbeen considered by (3.7) for more
accurately predicting the output performance ofSQeconverter. A similar or slightly lower
output voltage that defined in (3.5) will be obtdnby (3.7) by having a negligible loss from

the transistors.

Vout =(Nop *D)Vpp ~(Nop +DVy - N(C);f'l = (3.7)
Based on the presented analysis, the design atba 8C converter for high voltage
gain and power efficiency in a small size has bielentified and developed as shown in
Figure 3.6. In summary, the number of stages ofSfieconverter depends on the required
voltage gain and the technological parametevhich gives the degree of non-ideality of the
capacitor for a given technology. The size of chygcapacitors is independent of the
number of stages, but it depends on the requiregmucapability of the converter. For an
SC converter targeted at RF MEMS applications, allemcharging capacitor, e.g. 1pF

rather than 5pF, can be used without affectingainput voltage, as shown in Figure 3.6.
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The presented analysis and synthesis on the S@ienenable the design of a high voltage
gain and low power consumption CMOS controller RiF MEMS switches in a small die
area.

Design area for high voltage gain, and
power efficiency and small die area
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Figure 3.6: Design area of an SC DC-DC converter with an opegdtequency of = 25 MHz, with
the assumption that parasitic capacitance loss 9.4, and a constant threshold voltage of

0.7V from the transistors

3.6 Improvement to the Performance of High Voltage
SC DC-DC Converter

In this section, two effective techniques are psgabin order to improve the performance of
the HV SC DC-DC converter in terms of voltage gafiiciency and power consumption.

3.6.1 Improving the Voltage Gain Efficiency

3.6.1.1 Reducing the Threshold Voltage of the Trans istors

Improvement of the voltage gain efficiency of the@ BC-DC converter can be achieved by
using LV transistors as charge transfer switchdé® maximum technology allowable for
source-bulk potential (3 wmax) or drain-bulk potential (Ms_wax) in an LV transistor is less
than 5V. Thus, the adaptive biasing circuits asgmeed in previous section are required to
maintain the g and \pg within the limit. For HV transistors (thin and ¢kigate oxide HV
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models), the ¥z vax Or the \bg wax iS 50V. The bulk of the HV transistors can dingdie
connected to the highest node of the converterctwis the \ in this case, without the
need of the adaptive biasing circuits. Althoughinapder circuit can be obtained by using the
HV transistors, the bulk effect due to the incretmanVsg as shown by (3.8) [104] can no
longer be ignored in this case. This bulk effedt sgriously diminish the output voltage of
the SC converter. Thus, a lower boosted voltagebtained by using HV transistors. The
performance of the SC converter is poorer whengusie thick oxide compared to the thin
oxide HV transistors with reduced current drivetle transistors. The effect of thin and

thick HV transistors on the performance of the $@verter will be verified in Section 3.7.

Vi =Vino *+ V(1 Ves + 208 |- 4|2¢]) (3.8)

where \4g is the source-bulk potentidlyyo is the iy with zeroVsg and 2¢ is the surface
potential. y = (t,, /., )+/20e5 N 4 IS the body effect parametey, is gate oxide thickness,y,

is oxide permittivity,e4 is the permittivity of siliconN, is a doping concentration, is the

charge of an electron.

3.6.1.2 Increasing the Transconductance of the Transistors

The transconductance, of the transistors is proportional to the effeetgate-to-source
voltage (\s erd @s shown in (3.9). Hence, high voltage gain &fficy has dictated the use
of high Vgs err The Vs grris decreasing over the stages in the SC conveértas. is
especially obvious if using linear MOS diode-cortedcstructure [38, 42, 113]. Weak
Vs errCauses the transistors not able to be turnedlyn flous a higher on-resistance in the
transistors and eventually a smaller charge wibspto the next stage. The interleave
structure of the SC converter constantly providésgh Vss grrOver stages. This is crucial

for designing the SC converter with a large nundfestages for a high voltage gain.

Kox‘go Kox“"O

o Ipy_W _ W
Om _a(@)—Tﬂn Mes VTH)—T/un Vs EFF (3.9)

tOX tOX

wherelp is the DC drain current, 34 erdis the effective gate-to-source voltage, whichis t
difference between gate-to-source voltage andhteshold voltage (i.e. 34 — V1r), Kox IS
the relative permittivity of silicon dioxide ang, tis the thickness of the gate oxidg,is
permittivity of free space (equal to 8.854 X'£@/m), W/L is the width and length ratio of

the transistor ang, is the mobility of electrons near the silicon sied.
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3.6.2 Reducing the Power Consumption in Parasitic

Capacitance

Charge recycling technique shows a significant owpment on the current consumption of
the SC DC-DC converter with low output current [LIBhis technique is suitable for the
CMOS controller for RF MEMS switch which has lowatting characteristic. The non-
ideality in the integrated-circuit capacitor is lig the current state of art CMOS technology
especially for HV capacitors. The parasitic par@anét) can be up to 0.4 in an HV capacitor
for the technology considered [98]. A charge reiogekeircuit is designed for this HV SC
converter as presented in Figure 3.7(a). An nMOSI@Ms used as a switch to connect the
parasitic capacitance between the first and seomnd of the SC converter in every stage.
The MNO only operates at a very short period (\8¥laown in Figure 3.7(a). Exceeding the
defined period of V3 leads to a leakage of theenrto ground through the MNO and
eventually more current is drawn from the input@ypThe V3 signal is developed through
a NOR gate connected between CLK1 and CLK2 to entw non-overlap among these
signals. For the clocking circuitries (CLK1 and C2XPMOS transistors (M1 and M2) are
used before the charging capacitors (C). As CLKHige and CLK2 is low, M1 is switched
on and M2 is switched off. The charging capacitwt also the parasitic capacitano€) in
the SC converter are charged to VDD by CLK1. Ashbidtl and M2 are switched off, the
charges trapped in the parasitic capacitance by 1Cirkthe 1st row of the converter are
recycled through MNO to the parasitic capacitamcthe 2nd row of the converter at CLK2.
This equalises the potential at both parasitic citguraces to VDD/2 before CLK2 goes high.
Thus, the amount of charge drawn from the powemlsufor charging the parasitic
capacitances is half the amount needed comparedthiout the charge recycling circuit.

Ideally, this technique reduces the dynamic curcensumption 4 ) to half, as

Dynamic _ state
by (3.10) which is rewritten from (3.3). Figure 3.7(b) derstmates the effect of the charge

recycling technique on the current consumptiorhef$C converter.

Al Dynamic_state _

N.Cp.fV, (3.10)
' powerg =4l Steady_state"'f =(N+D.1, +%

where N is the number of stages,p\Ms the power supply, lis the output current, C andC

(Ce = aC) are the charging and parasitic capacitancetpges\y is the threshold voltage

of the transistors, arfds the switching frequency
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3.7 Verification of the Improved Performance High
Voltage SC DC-DC Converter

To demonstrate the effectiveness of the proposs@ymdéechniques, the HY SC DC-DC
converter with a 15-stage, as presented in Figute i8 simulated in the 0.5 AMS
technology. A \4p of 3.3V was supplied to the converter. The widtthe pMOS transistors
was set to the ratio of 2.5 to the width of the nM@ansistors in the SC converter. Since a
high output voltage of 40V with a low output curramne required, the charging capacito) (
was set to 0.467pF per stage per capacitor acgptdir(3.5) and (3.1). Non-overlapping
clock signals, CLK1 and CLK2, were generated foitduning the converter to avoid charge
leakage from short circuit paths. A floating 3.3W liransistor model, as presented in
Section 3.4.1, was chosen for the SC converter. t€bknology allowable voltage limit

(Ves_maxand \bs max) of the transistors is 5V.

In this simulation, the effectiveness of the praggbadaptive biasing circuit for the
inter- and the final stages in the interleave s$tmec of the SC DC-DC converter are
demonstrated. The interleave structure of the Stverter provides a constantly effective
Vs erefor switching on and off the transistors (PM anil)Nas shown in Figure 3.8(a) and
(b). The \&s_erris within the technology voltage limit of the tsastor (< 5V). Thus, there is
no HV overstress on the gate oxide of the devitk® Vs grris crucial in the SC converter

with a large number of stages.

Through the inter- stage adaptive biasing cir¢bi, bulk of the PM (Y g is always
higher than its source vy as shown in Figure 3.8(a). This eliminates tlakage current to
the substrate as shown in Figure 3.9(a). Simildhg,bulk of the NM with adaptive biasing
(Ve n) is always lower than its source () as shown in Figure 3.8(b). Figure 3.9(b)
compares the leakage current in the transistors anid without using the adaptive bulk
biasing. A very high current peak is flowing to thegbstrate through the parasitic vertical

bipolar in the transistor which without using thdaptive bulk biasing circuit.

Figure 3.10(a) shows the voltages at the outpgestd the SC DC-DC converter.
The bulks of the pMOS (/) from two rows of the SC converter are biasechathighest
potentials using the proposed final stage adajti@sing circuit compared to their sources

(P1 andP2) and the drain i.e. ¥ in this case as shown in Figure 3.10. Hence, tisen®
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leakage current in the NM and the PM at the finagjs when driving a variable capacitive

MEMS load. This eliminates the SC converter frotachaup.

Transient Response
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Figure 3.8: Simulation results of the proposed SC-IDC converter show (a) bulk voltage in PM
(Vs_p) that uses the inter stage adaptive biasing tiistalways higher than its source to
switch off the vertical parasitic bipolar in PM,) (bulk voltage in NM (\4_y) that uses the
inter stage adaptive biasing circuit is always Iothan its source to switch off the vertical
parasitic bipolar in NM
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Transient Fesponse
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Figure 3.9: Simulation results of the proposedI¥EDC converter show (a) no leakage current in
PM that uses the adaptive biasing circuit comp&retie PM's bulk tied to its source
(which have very high current peaks flowing to sibstrate) and, (b) no leakage current in
NM that uses the adaptive biasing circuit compaoettie NM's bulk tied to its source

(which have very high current peaks flowing to stubstrate)
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Figure 3.10: Bulk voltage at the output stage £y of the proposed SC DC-DC converter that uses

the final stage adaptive biasing circuit is alwaygher than the output voltagel andP2

to prevent the converter from latch-up

Figure 3.11 shows the output voltage ripple from plost layout simulation of the

converter. By complementing the voltage wavefornsnfthe ' and the 2 rows of the
interleave structure of the SC converter, the @milthe output node is reduced significantly

from Vpp to about 0.5V.
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Figure 3.11: The SC converter achieves small eippt the output voltage through complementing

the internal node voltages from th&dnd the 2 rows of the SC DC-DC converter
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Figure 3.12(a) and (b) show the output voltageleigmd its harmonic in the form of
voltage magnitude and power respectively. The fiestmonic happens at 0.05MHz with -
13.72dB or 0.042V over the DC component 39.05V.sTdtiows the effectiveness of the

proposed techniques that successfully suppresattréerence to a low level.
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Figure 3.12: The output voltage ripple and its hamia in (a) magnitude and (b) dB10
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The improvement to the voltage gain of the SC DC-B@werter using LV
transistors compared to HV transistors is demotestrim Figure 3.13(a). More than 25% of
boosted voltage is obtained by using the LV traosiscompared to the HV transistors based
on same number of stages. The voltage gain of thedBverter is worse by using the thick
gate oxide HV transistors. This is due to the reducansconductance in the thick gate oxide
HV transistors compared to the thin gate oxide Fangistors. The curves in Figure 3.13(a)
are not monotonic functions of N unlike (3.1) doecharging and discharging processes in
the SC converter. For instance, while the evenestad the SC converter are charging, the
odd stages are discharging. Thus, relatively higloiages are obtained in the even stages,
as shown in Figure 3.13(a). The differences ofagds between stages are less than 5V

which complied with the technology allowable vokdgnit.
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Figure 3.13: Simulation results of the SC DC-DQ@wrter with improved voltage gain through (a)

LV transistors and (b) low y in transistors
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Figure 3.13(b) shows the improvement to the voligaje through reducing thery
in the transistorsVryo is a device parameter with ze¥gg Increasing of W in standard
MOS diode-connected converter over stages affbetsvty as described by (3.8). Higher
V14 in the transistors reduces the voltage gain of dtemdard MOS diode-connected
converter as shown in Figure 3.13(b). A nearly tamtsVy is achieved by the SC converter
with adaptive biasing circuit. Moreover, the inézrve structure of the SC converter provides
an effective \is_ers thus demonstrates a higher output voltage irirtmesistors as shown in
Figure 3.13(b).

Improvement to the power consumption of the SC DC-&nverter through the
charge recycling technique is presented in Figutd.3rhe charge was recycled between the
bottom plate of parasitic capacitors through an rBA®INO) as described in Figure 3.7(a).
The MNO operates at a small period of non-overlagpegions ofCLK1 andCLK2. A 400

MA of current is recycled between the parasitic ciépas thus reducing the current drawn

from the input supply (hwe) as shown in Figure 3.14. The saving of the curieslightly
less than 50% (in ideal case) due to the losse¢beradditional gate and current leakage

during the circuit operation.

Transient Response

(LTI (T |
s W Current consumotion with WY
. C Uit Culisu IIIJL Ul Vvl
~ -5.0 : ;
I s & charge recycling technique
= _10.0 Current consumption without
. — =L urrentconsumpuon-witnout
_12 400 ..Af 4 1 IH tarhnd
e Chiarge reCycling tecnrigue
-15.0
1.0 TN D 1
. 58S S
L3 .
Lo AN Charge recycled in nMOS ;
T LT paa% 2 B ".f'“ ___________________________________________ : l,"1__ __________
= ; —
! r
¥ i
-L9
4.077vs o TIRL L
21 : — -_‘r—’l:-
1 VCLKL ‘fval vCik2 =

380 385 390 395 400 405

timei{ns)

Figure 3.14: Charges in parasitic capacitors aoyaled to reduce the current consumptigpiel
through an optimized nMOS, MNO operating at ped®3
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Figure 3.15(a) and (b) show the performance of ithgroved HVY SC DC-DC
converter in this design compared to other conwvertepologies. By reducing they and
increasing transconductance of the transistoraugfirahe adaptive biasing circuits and the
effective \gs_err, the SC converter shows a higher magnitude giudwioltage compared to
the standard MOS diode-connected converter andalt@ge doubler converter, as shown in
Figure 3.15(a). The power consumption is also ianitly reduced compared to the other
two topologies, by eliminating the leakage currant introducing the charge recycling
circuit, as shown in Figure 3.15(b).
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Figure 3.15: Simulation results of the improved FMC DC-DC converter compared with the
standard MOS diode-connected converter and thageltoubler converter, with 0.935pF

per stage at 25MHz, in terms of a) output voltage [3) power consumption
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The power efficiencyr{) of the improved SC DC-DC converter is presented i
Figure 3.16(a). Figure 3.16 (b) shows the outputage of the SC converter based on
different charging capacitors’ technologies. The @®@verter is customised for RF MEMS
applications with high output voltage and low outpurrent, thus a large output resistor was
used in these simulations. The maximum efficierfcy wo-stage SC converter is up to 60%
by using LV capacitors (CPOLY) and reduces neadyhalf by using HV capacitors
(CWPM). Generally, the efficiency will be significtly reduced by having higher stages as
demonstrated in previous research works [42, 4i7this work, by using presented design
strategies, the maximum efficiency of the conveftera 15-stage is only slightly reduced

Compared to a 2-stage converter.
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Figure 3.16: A 2-stage and a 15-stage SC DC-D@earbers using HV capacitors compare with a 2-

stage SC converter using LV capacitors in term@péfficiency and (b) output voltage
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3.8 Implementations

3.8.1 Layout of Floating Low Voltage Transistors

The layout for an HV design using CMOS technolagijgomplex and not as straightforward
as for an LV design [103]. Figure 3.17 demonstréteslayout of the SC DC-DC converter
in a single stage using floating LV transistors gessented in Section 3.4). The floating LV
transistors are surrounded by an isolation layeshasvn in Figure 3.17. This isolation layer
enables the LV transistors in an HV environment anther enhances the performance of
the transistors from the substrate noise. A guiaglis drawn between the HV blocks in the
layout of the SC converter. The guard ring colldbes electrons emitted from a forward
biased junction in the transistors and current endiem the nearby digital circuitry. The
guard ring consists of a combination of shallow atekp p-wells, including a p-type
diffusion ring with metal contacts. The metal camgaof the guard ring are connected
directly to the substrate through a wide piece efahlayer to reduce substrate resistance.
The substrate resistance is designed to be asd@assible to avoid parasitic bipolar effects
and parasitic field transistors. Through a propgout drawing, it eliminates latch up in the

LV transistors in the HV design and achieves hgjlability in the SC converter.

Adaptive biasing circuit for

Floating low voltage
- = pMOS charge transfer transistor

nMOS transistor Bulk

Guard ring isolation [l
between high 1 N R RS R

voltage devices il Isolation layer in floating

" low voltage transistor
i [solation layer
| [* shallow N-well
| et Isolation layer

| Deep N-well

Deep P-well i

Shallow P-well
Diffusion ring
l

Metal contact gifs e

Adaptive biasing circuit for Floating low voltage
nMOS charge transfer transistor PMOS transistor

Figure 3.17: Layout of the enhanced interleavecstire HV SC DC-DC converter in a single stage
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3.8.2 Layout of SC DC -DC Converters

The layoutsof the improved HV SC D-DC converter andtandard MOS dio«-connected
convertergeach providing an output voltage of approximatély 4are shown itFigure 3.18.
The MOS diodezonnected converter requires a 38% increase innthmber of stage
compared to the HV SC converter, due to the wegs grrand low transconductance in i
transistors. Thughe die area is only0.2176mm, which is 4% smaller than the arof the
standard MOS diodeennected converter. Figure 3.Hso shows that H capacitors

dominate the largest areas of the layouts, as identifjedur analys.

Standard MOS diode-connected
SC DC-DC converter \

0akl
Enhanced interleave structure
SC DC-DC converter

Figure 3.18: Layout of the enhanced interleave structure HV SC-DC converter in fabricatio
ready pad frame (with the effective are€0.2176 mm surrounded by the red colour lir
compares wittthe standard MOS diode-connected conveittat hasthe effective area of

0.3924mm (surrounded by the yellow colour Ij)
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3.9 Benchmarking

The figures of merit for the improved HV SC DC-DGnwerter have been compared with a
number of other research works in the literatusetabulated in Table 3.1. The HV SC DC-
DC converter shows the lowest power consumptios,hilghest voltage gain and the least
ripple of output voltage, even with a very smaltput capacitor. Furthermore, the die area in
this design is small compared to previous reseaxfs. This validates the effectiveness of
the proposed design strategies for a high outpltdg®, low power consumption and a small
size CMOS controller for RF MEMS applications.
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Table 3.1:

Summary of the design parameters amisnaé performance on two-phase SC DC-DC converter

Design parameters

b

AN emy

3

& merits of This design [49] [47] [106] [90] [113] [99] [50] [97]

performance
Technology f1m) 0.35 0.8 0.18 0.35 0.8 0.18 0.7 0.35 0.35
Number of stages 15 4 5 2 16 16 5 4 8
Capacitance per Reverse Fibonacc

stage 0.936 15 25 23 1 5.4 NA 6.67 sequence
(pF) (5,3,2,1)%(33x1E3)
Capacitive load 1 30 30 NA 28 27 NA 30 33x1E3
(PF)
Oscillator
frequency 25 5 100 25 10 75 NA 100 0.01
(MH2)

Voltage gain 14 3.23 5.61 2.42 10 12.33 5.4 4611 7
R'pp'e&;”v"“n 0.367 NA 16.4 0.6 0.8 1.1 NA NA 4.3
O“tp%:l;‘;”e”t 20 10 350 26 50 14.86 NA 400 NA

Current 2493 NA NA 1600 NA NA 2800 NA NA
consumption @A)
Effe(cr::‘r’n%)area 0.2176 NA NA 0.7888 0.33 0.72 NA NA NA
1. The HV design is based on an \. Linear structure wapl. Voltage doublef 1. Interleave structurg1.  Voltage  doublef 1. Linear structure wapl. Hybrid structurg 1. Linear structure wap1. Fibonacci structur
interleave structure used in an LV]structure was used tpwas used structure was used used was used throughused was used
operation through th¢ generate large outpyt cascoding the tw
2. A small ripple (0.367%) is achievgdnternal boosted current through a high2. The design was p2. Voltage gain of 10 wag2. A high output] linear structures 2. Positive ang
by using a small output capacitor (1pH)voltage frequency 2-stage converter foyachieved through a 14-voltage (14.8V) wa: negative outpuf 2. Size of capacitor]
the output of 6.7\] stage of the converter | generated by a 1.2y2. Medium outpuf voltages werg was optimised base)
3. A 15-stage converter is developed f&. A large outpufj 2. A 5-stage convertgrand 2G.A supply through darge | voltage from the | generated through fon a reverse Fibonac
a 40V output voltage capacitor (30pF) wag was developed for 3. Two designs werg¢number of stages (16)f converter was used fdrcomplex clocking| sequence
used to reduce thp10V output voltage developed based on L] pumping  the circuit
4. LV transistors are used in the H\ipple and HV capacitors. Thg3. Large  outpuf converter 3. Large capacitorp
design for a higher voltage gain design which used HY capacitor (27pF) wal 3. A4-stage convertgrwere used in th
capacitors consumefplused to reduce the was developed for apdesign
. 5. Latch up of LV transistors in an H significant  die  ared ripple (1.1%) output voltage of 8
Proposed solutions design is avoided through the propoged compared to the design and a large outpy
adaptive biasing circuits and the H using LV capacitors current of 400A
layout drawing
6. Charge recycling circuit is propos¢d
to reduce the power consumption which
is due to the non-ideality in H
capacitors
7. The charging capacitors have bgen
optimised to reduce die arga
(0.2176mm) and power consumptioh
(822.61W)
Applications RF MEMS Flash-EEPROM Flash- EEPROM Antenna coletrd| NA RF MEMS RF MEMS Flash memory RF MEMS

NA- Not available
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3.10 Measurement Results

The fabricated SC DC-DC converter using 0.35 pm Afg&hnology on a die is shown in.

The SC DC-DC converter has been verified experiaigntHigh clock frequency waveform

has been generated using ARM Cortex-M3 processdhi® purpose. Figure 3.20(a) shows
the testing set up of the fabricated chip with &M processor. The measurement probe
has been set to 10X position for high frequency sueament. Figure 3.20(b) shows the
generated square-wave clock signal with the frequerf 22MHz. The 2-stage and the 15-
stage SC DC-DC converters have been measured hétloutput of 8.53V and 31.5V, as

shown in Figure 3.21(a) and (b) respectively. Boththe SC converters achieve very low
output ripples. The power consumption has been unedsbased on the voltage dropped
across a series resistor with a known value [118].1The measured power consumptions
are approximately 167 uW and 530uW with a zerowutprrent for the 2-stage and the 15-

stage SC converters.

Figure 3.19: The fabricated SC DC-DC converter aliea
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Figure 3.20: The fabricated SC DC-DC converteritfalhe testing set up environment and, (b) the

generated 22MHz square ware clock signal by the ARdessor
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Figure 3.21: Measured output voltages (a) at 8.&8\2-stage (with voltage ripple of 23mV) and, (b)
at 31.49V for 15-stage (with voltage ripple of 48based on the 22MHz frequency
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3.11 Discussion

By using a clock frequency of 22MHz rather thandlsign frequency 50MHz, the chip has
been fully functioned but with a slight reduced puitvoltage and power consumption as
expected. The smaller the clock frequency, the tode output voltage and power

consumption in the converter. This chip demonsdrdkat the proposed techniques have
been successfully avoided the latch-up in the loltage transistors that used in high voltage

design.

In the future stage of development, the SC conwerém be integrated with RF
switches through flip chip technology, as suggeste8ection 7.3.1. The output voltage of
the SC converter can also be reconfigured throagying the clock frequency or assisted by

auxiliary circuitries, as depicted in Appendix I.

3.12 Summary

The HV SC DC-DC converter has been designed in lavisistors technology in order to
achieve high voltage conversion. Adaptive biasimguits have been proposed to eliminate
very high current peaks flowing to the substratbe proposed adaptive biasing circuits
successfully eliminate the leakage current, hemoédang latch-up which normally occurs
with low voltage transistors when they are used ihigh voltage design. The use of LV
transistors improves the transconductance and esdine threshold voltage drop. Thus, a
higher output voltage (more than 25%) is achievedngared to using high voltage
transistors. The output voltage demonstrated allglo mearity with very low ripples. The
design parameters for the SC DC-DC converter, a&RFaswitch controller, have also been
analysed and synthesised. A low loading effecthaf §C DC-DC converter has been
identified which allows the capacitors’ size and tlumber of stages to be optimised. Thus,
this significantly reduces the die area and thegrosonsumption of the proposed SC DC-
DC converter. To reduce the effect of parasiticac#tance in high voltage capacitors, the
proposed charge recycling circuit reuses the chargkachieves a power saving of more
than 40%. The proposed HV SC DC-DC converter has lslenchmarked against previous
research and shown to have the smallest die athaawiigher output voltage. Figure 3.22
summarises the areas and the challenges addrasdbds ichapter. In the next chapter,
impedance network designs for impedance transfoomadf the RF switches will be

presented.
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High Voltage Switch Controller Based on CMOS
DC-DC converter for RF Switch Actuation
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Chapter 4.
Tunable Impedance Network
Designs for RF Switches

Impedance Transformation

4.1 Introduction

A high voltage switch controller based on an SC DC-converter for RF switch actuation
has been presented in Chapter 3. This chapteribesenicrostrip-based impedance network
designs for impedance transformation of RF switcResearch investigation begins with the
topologies of the impedance networks developedchéngast and the associated practical
considerations. An impedance transformation tealeig presented to improve the area and
reduce the losses in the impedance network thrdragisforming the unrealisable to the
realisable one. The technologies of the RF swit¢chabe impedance network, which are
semiconductors, Barium Strontium Titanate (BST) didro Electro-Mechanical Systems
(MEMS), are compared and analysed. From the arsalgdarge number of RF switches tend
to be used in impedance networks in order to aehlakge impedance coverage at multi-
operating frequencies. However, this increasedasses, sizes and also the implementation
complexity of an impedance network. For this reasorlesign technique is proposed in

order to achieve a wide impedance coverage widdaaed number of RF switches.
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4.2 Impedance Network Topologies

4.2.1 Real Impedance Matching

An impedance network may be realised by insertingeetion of a quarter-wave.J/4)
transmission line with a characteristic impedaricg,pas by (4.1). The reflection coefficient
can be determined by (4.2)[117]. 4 impedance matching is the simplest impedance
network that consists of a length of transmissiae In the size of a/4 wavelength. The
M4 impedance matching is designed in momentum A0 2as presented in Figure 4.1(a).
The A4 transmission line provides a perfect match dy ansingle frequency, as shown in
Figure 4.1(b). Furthermore, a stand alomé transmission line can only match real load
impedances. To match complex load impedance, thematched load needs to be
transformed to a real impedance before applying thpe of impedance network. An
appropriate length of transmission line betweenladae and thé/4 impedance network, or
an appropriate series or shunt reactive stub camdeel to transform a complex load
impedance to a real impedance. However, theseitpamwill usually alter the frequency
dependency of the equivalent load, which oftenthaseffect of reducing the bandwidth of
the match [118].

21 =22, (4.1)

1—* — Z1—Zp
Z1+Zo+j2t)ZoZ], (42)

where % is the impedance characteristic af/d transmission line placed between nominal
system impedance,Zand the antenna load impedance Zis tanpl and pl=90°. The

reflection coefficienT is used to measure the degree of mismatch betieefy and Z.
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Figure 4.1: A quarter-wave impedance matching jiggout view and (b) its characteristic

A broadband design may be obtained by cascadingjpteul/4 transmission line
sections and gradually varying their characteristipedance on the line sections, as shown
in Figure 4.2(a). By assuming all, dncrease or decrease monotonically across the
transmission line, the partial reflection coeffiti® at each junction can be defined by (4.3)-
(4.6). The overall reflection coefficient can bepegximated by (4.7) [119]. This approach
reduces the reflection coefficient on the line esiced frequency bands, as shown in Figure
4.2(b). The design approaches of a multi-sectiansimission line can be based on Binomial
or Chebyshev technique. A maximum reflection ceoeffit (or a maximum VSWR) that can
be tolerated in the frequency bands will be spedifiuring the design process. Figure 4.3
shows an example of a fabricated multi-section Biia impedance network to transform
100Q2 into 50Q [56]. However, the fabricated impedance networiodslarge to be practical
especially for mobile telecommunication systemse Téngth of the transformer is greater

thanA/2 (. >IT) or approaching full length to minimize the misotaf119].
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Z-Z

rlzﬁ (43)
1 0

T _Z2a=2Zy (4.4)
2 Z+2,

I _Z3=2Zp (4.5)
872,42,

] (4.6)
42

[(0)= [t 1%+ e+ 39+ 1,9 4.7)

wherel'(0) is reflection coefficient response as a funcodrirequency ), €’ is the phase
delay when the incident wave travels up and dowrlitte that consists of n sections
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Figure 4.2: A multi-section impedance network ihléyout view and (b) its characteristic
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500 Wd [\Ja 1

(b)

Figure 4.3: A Binomial multi-section impedance netkto transform from 5 and 100 in (a)

schematic view and (b) prototype [56]

As the number of discrete sections increases, tie shanges in characteristic
impedance between the sections become smaller, Withsa limit of an infinite number of
sections, a continuously tapered line further redute reflection coefficient compared to
the multi-section transmission line. Instead ofcti$e sections, the line is continuously
tapered as shown in Figure 4.4(a). Lower reflectioefficient T'| is obtained in the taper, as
shown in Figure 4.4(b). However, the taper alsapiEd a large layout area with the length
of the taper about ¥ to 2 of wavelength in orderettuce the mismatch [119]. A continuous

tapered line can be based on the exponentialgurlanor Klopfenstein approach [120].
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Figure 4.4: A continuous tapered line in (a) layaetv and (b) its characteristic
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4.2.2 Complex Impedance Matching

For complex impedance matching, matching stubslamged elements can be used. These

are described as follows.

4.2.2.1 Matching Stub

Matching stubs are widely used to match a complead |impedance to the system
impedance. They consist of shorted or opened stotdsare connected in parallel with the
main transmission line at a distance from the I@dek distance corrects the real part of the
complex impedance. The parallel stub provides #dugiired susceptance to cancel the load
susceptance. A single matching stub and its cheristit are shown in Figure 4.5(a) and (b).
If more mismatch loads are to be matched, doubleige stubs may be used. Triple stubs

have a higher degree of freedom in the designtieecbimpedance mismatch.

-10—
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S11 (dB)

-25—+

-304

-354

-40 LU L L L L LB L LB L

10 15 20 25 30 35 40 45
freq, GHz

(a) (b)

Figure 4.5: Single matching stub in (a) layout viemd (b) its characteristic

4.2.2.2 Matching Lumped Elements

Matching stubs will occupy a large area at lowerfReguencies. To achieve a smaller size
impedance network, lumped reactive components neayded for matching at lower RF
frequencies [121]. Generally, the matching lumpkanents consist of L-71- or T- type
topologies, as shown in Figure 4.6(a), (b) and (dhe impedance networks use only
reactive elements i.e. inductors or capacitorgptoect any load impedance. The changes of
the impedance due to series or parallel conneaiatctors and capacitors can be observed

based on the trajectories on the Smith chart, assin Figure 4.6(d). The L-type matching
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network can match any mismatch load, but its badttwiand quality factor are fixe
uniquely by the values of the anterload and system impedances [LIBhe /7-and T- type
impedance netwosk havi an extra degree of freedom they arc able to control the
bandwidth at the matched condition. One of the athges of the -type network is that

often results in more practical values for the wirelements; however, the-type network
tendsto have more loss{57].

A\l
/71

(@)

’i . Y}
(b)
S =l

(©)

~
—

[

>

r—————;';——

(d)

Figure 4.6: Matchingumped elemes with (a) L-network, (bPi-network,(c) T-network and (d) the

trajectories of series and parallel inductors aaghcitors orthe Smith chai
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4.3 Optimisation of Impedance Network Topologies

Most of the impedance networks have inductors @ir ttopologies, as in previous research
work [28, 55, 122]. Small values of inductance raaised either by coplanar waveguide or
bondwires implemented using silicon-on-glass tetdgy[7, 123]. Large inductance can be

obtained in a spiral microstrip inductor or a lumggement inductor.

The spiral microstrip inductor requires a numbetuofis using the narrowness of the
track to obtain a large inductance value. Thisdetada significant series resistance and skin
effect which limit the quality factor (Q) of thedoctor. The large inductance results in more
losses, which leads to a spurious resonance thits lthe maximum operating frequency
[119].

For the lumped element inductors, they also couttgibsignificant losses to the
impedance network, as reported in [7, 16, 28, 24].1The loss by the components used in
the impedance network was even up to -11dB [13ftheamore, the inductors may be

prohibited in certain applications due to their powandling constraints [122].

To have a more practical impedance network topoltyy impedance network has
to transform from an unrealisable to a realisable. dhe inductor will be replaced with a
matching open-circuited stulhidc) or a short-circuited stull{d). Techniques to transform

between thé.oc and thelsc will also be presented as follows.

4.3.1 Techniques for Impedance Transformation

To exclude an inductor from the impedance netwopology, the reactance of the inductor
can be transformed to an approximate lossless stiggomatching stub through Richard’s
transformation [119], as shown in Table 4.1. Theugtor, which is connected in either
series or parallel to the RF path, can be trangdrta an_Loc or anLsc Table 4.1 shows the

trajectory of the parallel and the serial conneateldictors on the Smith chart.
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Table 4.1: Impedance transformation

Impedance Transformation

of Parallel Inductor

Impedance Transformation of Serial Inductor

S-Parameter [rpedance View

S-Parameter Irmpedance View

Smith Chart
Zsource Zi0AD ZSsoURCE Zioro
L » C
Component )q_ ZIND W
X =jLtan? _
L Z\np = 276L
Zsource Z oaD
Short- Zsourc Ziono
Circuited Stub 291 D_
(Lsd ZLSC = 27fL A/S ﬁ
8
Zs=Z\p * L+ Z5/ ZNp)
Zy=2Zy* U+ 2y Z)\p)
Zsource Z oAD
Open-
Circuited Stub 9+Z _
4I Zi oo =27L
(Loc)

Zs=ZiNnp * L+ Zp 1 ZinD)
Z,=2Zy*(+Z/Z)\p)
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R Parallel Connected Inductor

For a parallel connected inductor, the increasanadfictance moved in an anti-clock wise
direction on the Smith chart. Similar trajectoriesthe Smith chart can be obtained by using

theLsc or theLoc to replace the parallel inductor, as shown in &abl.

ii. Series Connected Inductor

For a series connected inductor, the increasedafciance moved in a clock wise direction
on the Smith chart. Kuroda's identities can be usearder to transform the series inductor
to aA/8 longLocor a 3/8 longLsc TheA/8 long transmission line was used for simplicity i

the hand calculation.

iii. Interchanges between thg: and the oc

To transform between thesc and theloc, an additionah/4 wavelength can be added. An
Lsc can be converted to &nc by having an additional/4 wavelength, thulssc = Loc + ac.

For anlLsc shorter than/4, the stub has an inductive reactance and maveBlet upper
hemisphere of the Smith chart. The length and tygedance characteristic of the: are
adjusted for the required inductance of the circ8imilarly, by having an additional/4
wavelength, théoc changes the sign of its reactance from capaditivieductive. In fact,
the Loc is preferable in a microstrip circuit since iteigsier to be fabricated compared to the

Lsc which requires a via hole through the substiatbé ground plane.
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4.4 Tunable Impedance Network

The fixed impedance networks are not able to ch#mgémpedance to correct the additional
mismatch once implemented [118, 119]. Thus, to dyoally correct the impedance
mismatch, a tunable impedance network is neede@ pérformance of the tunable
impedance network is strongly influenced by thesidered RF switches technologies. The
RF switches technologies have to meet demandingjresgents such as linearity, insertion
loss and tuning range. Several RF switches techisdaare currently being utilised in the
impedance networks applications. There are conweali technologies such as
semiconductor technology, as well as newer teclyiedosuch as Gallium Arsenide (GaAs),
Barium Strontium Titanate (BST) and Micro Electredhanical Systems (MEMS), which

will be discussed in the following sections.

4.4.1 Semiconductor

Semiconductor- based RF switches are widely useduse of their easy availability as
tuning elements in RF frequencies and their radffivease in developing a prototype.
Semiconductor-based varactor diodes have been imsesuch of the earlier work for
impedance tuning applications [13, 125, 126]. Témisonductor varactor diodes are usually
made of silicon-on-sapphire (SOS) [127], silicortosulator (SOI) [128] or Gallium
Arsenide (GaAs).

4.4.1.1 Silicon

The semiconductor varactor diodes fabricated usihigon-on-sapphire (SOS), or silicon-
on-insulator (SOI) are low in cost and cheap tocess. Silicon possesses a much higher
hole mobility, allowing the fabrication of a highgpeed P-channel FET, which are required
for a CMOS digital circuit. Thus, the digital infece can be integrated directly onto silicon
switches, achieving a compact module or system.oflerate amount of dc power by P-I-N
diodes (3-10mV per P-I-N diode) and virtually nomaver by Field-Effect transistor (FET)-
based varactor diodes have been reported in peviesearch work [125]. However, the

performance of the silicon based RF switches isifsgintly degraded at higher frequencies.
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4.4.1.2 Gallium Arsenide

The semiconductor varactor diodes, fabricated uSatlium Arsenide (GaAs) j-PHEMT,

are able to operate at higher frequencies comparsdicon technology. Furthermore, the
GaAs varactor diodes are relatively insensitivehéat owing to their wide bandgap. In
addition, the GaAs varactor diodes tend to have hasse than silicon varactor diodes,
especially at higher frequencies. However, the Geghnology lacks a fast digital circuit
structure as in the silicon technology. A sepadiggal controller is required for switching

the GaAs varactor diodes which increases the pamsesumption and complicates the

design implementation.

4.4.1.3 Performance

Varactor diodes have an inherent tradeoff betweernresistance and off-
capacitance. Figure 4.7 shows the circuit model wdractor [129]. Datasheet of the varactor
has been included in Appendix Ill. The on-resistaaffects the quality factor (Q) of the
device, while the off-capacitance increases thagitic loading due to the off branches. For
reasonable performance, semiconductor switchescédbd using either GaAs j-PHEMT,
SOS, or SOI are integrated with Metal-Insulator-MdMIM) capacitors. For an overall
capacitance ratio of 5:1 together with associatdil Mapacitor losses and parasitic, this
leads to an effective Q in the maximum capacitasizee at 1 GHz of 25 to 50. For
impedance matching applications, and for antenritsralatively low VSWR, this moderate

Q for the switched capacitor solution may yieldegptable performance.

For high power applications, voltages as high a®o4ID0 V are encountered due to the high
VSWR encountered in antennas. In many cases, #ekdown voltage of the transistors

and/or capacitors will not meet the power handlreguirements and must be stacked,
increasing the insertion loss and cost/size acoglyli[1]. The insertion losses are around
5dB at 19GHz [126] and 15dB at 35GHz in the fillesigns [130]. In [13], the insertion loss

is about 11dB at 4.8GHz in the triple-stub impe@anetwork design. Recent research work
has improved the doping techniques and reducebb$ses to 3dB at 1.4GHz in the double-

stub impedance network based on Silicon Carbidg)(&ractors [131].
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Figure 4.7: SPICE model of a varactor

4.4.1.4 Availability

There is a relatively large variety of commerciadgucts from semiconductor based
technologies. The firms that produce semiconduswitches for RF applications are
Skyworks [129], Infineon [132], Avago Technologj@83], Texas Instrument [134], etc.

4.4.2 Barium Strontium Titanate

Barium Strontium Titanate (BST) is a notable feleo#ic material. BST based capacitive
RF switches can be varied with a controlled voltaes achieving a continuous tuning.
When the controlled voltage is near zero, the ggits in the crystal lattice are easily
polarised leading to the peak dielectric constarithe capacitive RF switches. Thus, a large
tuning value is achieved. As a higher controllettage is applied, the resulting polarisation
reduces the sensitivity to an additional field, ethiowers the effective dielectric constant in
BST based capacitive RF switches. This inherentimeer behaviour is used to build

variable capacitive RF switches that are controbgdapplied voltages. Lower losses are
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possible in BST switches than those available femmiconductor switches, leading to an
expanded range of applications for BST based ctypadRF switches. However, the key
limitations in BST based RF switches are low tunmagjo, thermal stability issues and
marginal linearity. Typically, the BST switch exhiba 3:1 tuning ratio. The low tuning ratio
is intentionally limited to provide a stable opévatand a reasonable linearity. A fabricated
BST based RF switch is shown in Figure 4.8[135].

Figure 4.8: BST interdigital capacitive electrodRfs switches with five finger pairs [135]

4.4.2.1 Performance

BST based capacitive RF switches have been ustthable impedance networks
[136, 137]. Research work shows that the inseitige for the impedance network with all
biasing voltages from 0 to 18V is below 0.3dB [13Fhe impedance network based on an
all-pass topology also achieves an insertion Ids$ess than 5dB [136]. However, the
effective tuning ranges are limited to a factoR¢137] and 3.2 [136] because of the forward
biasing and the breakdown constraints of BST telcigyo

4.4.2.2 Availability

Paratek Microwave provides a BST-based materiala@zan) for tunable RF applications
[138, 139].
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4.4.3 Micro Electro-Mechanical Systems

Recent work in tunable impedance networks has waeblwith RF MEMS switches. RF
MEMS switches are surface-micro-machined deviceshvbhse a mechanical movement for
an electrical change in the RF transmission-lifeeyTare designed to operate at RF to mm-
wave frequencies (0.1 to 100 GHz). They are congpo$a thin metal membrane which can
be electro-statically actuated to the RF line usiriggh DC voltage.

RF MEMS switches can be designed by different meiché structures. For
instance, an ohmic RF MEMS switch could be operdigdestablishing the electrical
connection through the beam that was deflected\mftage between the gate and the source
electrodes, as shown in Figure 4.9 [140]. The éwed of the beam contacts the drain and
completes an electrical path between the drainth@dource. Another type of capacitive
RF MEMS switch operates by varying its capacitaticeugh adjusting the position of the

membrane up or down, as shown in Figure 4.10 [142].

\
| Contact Detail
|

Figure 4.9: Scanning Electron Microscope (SEM) ougaph of ohmic RF MEMS switching

technologies for discrete tuning approach [140]

100 gm

Figure 4.10: SEM micrograph of capacitive RF MEM@tshing technologies for continuous tuning
approach [141]
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4.4.3.1 Performance

RF MEMS switches are inherently low loss and ale &b handle power with high
linearity. The first planar double stub impedanetwork using RF MEMS switches was
developed at 20GHz [143]. In the same year, twedypf impedance networks have been
developed. The first achieves an insertion los1-GdB at 29GHz (two capacitive RF
MEMS switches) and the second achieves 4-12dB@H20(12 ohmic RF MEMS switches)
[144]. In [145], the impedance network using eiglegments RF MEMS switches reduces the
loss by consuming only a total of 0.5dB loss a&GHz, but slightly increases to 1.5dB at
18GHz. The loss is further reduced for an impedamate/ork with six elements RF MEMS
switches with an insertion loss better than 0.GaEnf6 to 18GHz [146].

RF MEMS switches achieve better RF performance emetpto semiconductor and
BST based technologies. The RF path in the RF MBM#Eches is through a metal trace
with virtually no frequency response on it, thusiauing a higher quality factor (Q) and
linearity compared to semiconductor-based technedoghlso, the DC voltage is physically
separated from the RF path; thus, the voltage mand high. However, as a mechanical
device, there exists an aging effect which evehtualll cause device failure, related to
wearing out. Recent RF lifetime tests of RF MEMSitslw have been carried out.
Approximately 500 million cycles has been achief@dhot switching before experiencing
intermittent sticks; cold switching reliability tebas exceeded 10cycles with the current
applied only during switch closure [147]. RelevaRE lifetime datasheets have been
enclosed into appendix. Furthermore, RF MEMS swiscrequire high DC control voltages
to prevent self-actuation and maintain linearityorll discussion on the DC control voltages

have been presented in Chapters 2 and 3.

4.4.3.2 Availability

Due to the ability of RF MEMS switches in high powendling with low loss and
high linearity, a lot of firms have recently devadol RF MEMS switches. There are six
firms with sampling ohmic RF MEMS switches. Calif@a-based WiSpry Inc. is offering
RF MEMS for high-volume mobile applications [1480]15 On another front, U.S. firms
Analog Devices Inc.[151], Radant Technologies [A62] and XCOM Wireless Inc.[153],
are in cooperation with relay manufacturer Teledyeehnologies Inc. as well as Japanese

supplier Omron Corp., and are targeting high-endbliegtions for testing and
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instrumentation, such as automatic test equipm®hE) and RF test [154]. US start-ups
Radant MEMS [140] and MEMtronics [155] focus on alefe applications. Fewer
companies deal with capacitive RF MEMS switchepadas TDK-Epcos [156], US-based
Cavendish Kinetics [157] and Scotland-based Sofaahnologies [142, 158] are offering

capacitive MEMS for mobile applications.

4.4.4 Comparison

A general summary of the strengths and weakne$deE switch technologies is shown in
Table 4.2 [1, 56]. Q is defined as the ratio ofrggestored in a component to the energy
dissipated by the component. The tuning ratio & rdmge of the variable capacitive ratio

with the applied voltage.

Table 4.2: Comparison of operating performance®@krswitches technologies

Semiconductor Barium Strontium Micro Electro-
technologies Titanate Mechanical
Systems

Quiality factor (Q) Medium Medium High
Tuning ratio High (for low Q) Low High

Low (for high Q)
Power handling Low Medium High
Linearity Medium Medium High
Switching cycles High High Medium
Cost Low Medium Medium
Reliability Low High Medium

A comparison of capacitance-voltage (CV) curveRnswitch technologies is also

presented in Figure 4.11. The capacitances of é&micenductor switches (SMV1235,
SMV1232, SMV1247 from Skyworks [159] and BB833 frdmfineon [132]) and BST
switch [56] decrease with applied voltages. Theacapnce of the RF MEMS switch
(EPCOS [160]) increases with the applied voltages. MEMS switch shows a larger

capacitance tuning range compared to the semictodswitches and the BST switch.
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Figure 4.11: Comparison of capacitance-voltage (Qwyes for a selection of RF switches

technologies

4.5 Tunable Impedance Networks with Wide

Impedance Coverage

Most of the impedance networks use a large numbdarFo switches for wide
impedance coverage. For instance, the single stpbdance network that developed in [58]
uses four RF switches on the shorted t-lines stubsix RF switches on the transmission
line in order to achieve impedance coverage frorGi2D to 50GHz. The double stubs
impedance network that developed in [162] and [1484 eight RF switches for impedance
coverage from 10GHz to 20GHz [162], and 12 RF dweiscfor impedance coverage from
29GHz to 32GHz [144]. The triple stubs impedancévnek that reported in [163] use
eleven RF switches in order to produckdifferent impedances for 75GHz to 100GHz.
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These impedance networks provide, in general, gend impedance coverage, but
they use a large number of RF switches in the desighich suffer from expensive
packaging and cost. This, on the other hand, iseseansertion loss caused by a large
number of RF switches. Complexity also increasesndtically in the control circuitry and

the impedance searching algorithm which deals aitirge number of RF switches.

In this work, a design strategy is proposed toeahivide impedance coverage with

a lesser number of RF switches in the impedanaeonket

4.6 Impedance Network Design Technique

A typical Pi- network, with two RF switches, connected to ateama is shown in Figure
4.12. The antenna load (4y) is modelled by an inductor in series with a resise which
represents all possible radiation and loss resissarand a parallel capacitance. The
spreading of the impedance values across the Srhilt indicates the impedance tuning
region of the network. An example of the trajeasrof two RF switches (@nd G) in aPi-

network, as shown in Figure 4.13.

M
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Figure 4.12: APi-network with related network parameters
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Figure 4.13: Simulated impedance coverage (logskefsa samplePi-network. The arrows indicate

the directions of increase for, @nd G from 1pF to 37pF.

4.6.1 In Consideration of Topology

One of the disadvantages of tAienetwork topology is that it cannot achieve fullpedance
coverage [119]. The design parameter that detesriine unachievable range will be the
electrical distance between the two tuning comptsg\), as shown in Figure 4.12. The
unachievable region can be minimised by making Ahevery small or very close to a
multiple of A/2. However, as th&A approaches zero (av2), the circuit becomes more
frequency sensitive and implementation difficultiegse. By assuming @A=36" the
impedance network can determine the achievablenmim real part of the impedance as
17.3Q or 0.058 mho by (4.8) [119].

0<G < Yo
si A1

(4.8)

where G is conductance (a reverse of resistancg)sthe nominal system admittance and

A is the distance between RF switches
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Once the distance between the tunable componestshizsen, the susceptances of
each stub can be determined by (4.9) and (4.10)[119

v 22 (4.9)
+Yoi\/(l+t )G, Y, -G, &

t

B =-B

(4.10)

.- iYO\/YoGL 1+t%) -G A% +G.Y,
Gt

where G and B are the real and imaginary parts of the load adnue respectively, and
t=tan(41).

The required susceptances for the impedance netwiitk the AA=36" can be
calculated as shown in Table 4.3. In order to aehithne impedance tuning regions for
20Q<R 0ap<80Q and -15@ < X, oap <150Q at three operating standards which are LTE,
GSM and GPS, a tuning range of 3.07pF to 43pF isWiEEhes is required.

Table 4.3: Calculation of the required susceptafmethe stubs and equivalent capacitances to match

the non 50 impedance loads to 80with aAA=36’ at different operating standards

Load Capacitance (pF)
Susceptance B
Impedance | Stubs (mho) LTE GSM GPS
Z1oad (Ohm) (700MHz) (900MHz) | (1.575GHz)

1 0.04739 10.77 8.38 4.19

20+j*0
2 0.03547 8.06 6.27 3.14
1 0.05135 11.67 9.08 4.54

80+j*0
2 0.06564 14.92 11.61 5.80
1 0.02803 6.37 4.96 2.48

20-j*150
2 0.18912 43.00 33.44 16.72
1 0.04113 9.35 7.27 3.64

20+j*150
2 0.18912 43.00 33.44 16.72
1 0.03469 7.89 6.13 3.07

80-j*150
2 0.11677 26.55 20.65 10.33
1 0.04507 10.25 7.97 3.99

80+j*150
2 0.11678 26.55 20.65 10.33
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4.6.2 In Consideration of Maximum Impedance Coverag e

The effects ofAA to the sensitivity and the magnitude of input iagiece (4) at thePi-
network are demonstrated in Figure 4.14(a). Theulsitions are performed by varying the
A\ at three operating frequencies in order to obs#reechanges of the magnitude qf. Z
Simulations have been performed using AdvanceddbeSystems (ADS 2009) based on a

1.6 mm-FR4 substrate with a dielectric constart.b65.

In Figure 4.14(a), @&\ of 65 achieves the maximum frequency sensitivity in the
impedance network at LTE operating standard. Aisggmt change to the magnitude qf Z
by slightly varying theAA is observed at Figure 4.14(a). However, with tistatice of
AN=65, the input impedance is about 8BQwvhich is too large for this design applicatiom. |
contrast, by selecting th&\ approximates to 36 Z,, varies around:50Q. This range of
impedance is suitable for compensating the impeslaraziation at the antenna load in

mobile applications.

The A\ for maximum impedance coverage is approximatebumd 36 for other
operating standards. By identifying th& for maximum impedance coverage, the capability

of the impedance network in impedance matchinggisficantly increased.

Figure 4.14(b) shows the simulated impedance cgeeet LTE standard in the
Smith chart based on ideal tuning components (witHoss) for A\ at 36 and 68,
respectively. Nearly 80% of the coverage in thetBrohart is achieved by usidj\=36",

compared t@\=65" which acquires less than 50% of the coverage.
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| ~&-3pF (LTE-700MHz)
= 16pF (LTE-700MHz)
600- - - - - k- ——— - -#-3pF (GSM-900MHz)
o 16pF (GSM-900MHz
-7-3pF (GPS-1575MHz)
| W 16pF (GPS-1575MHz)
1

E | |
””””” L e e I R

g ! | | . W | |

= , ¥ To: maximize : :

N300 -----r---- y  _impedance -1

.. (Peouepadw) -

=
N

-j50
Frequency (700 MHz) Frequency (700 MHz)

(b)

Figure 4.14: Technique in choosing the electrieagth of the series transmission lid) based on
tuning range and operating frequency. (a) Magnitoidne input impedances for different
electrical length of the series transmission liseng capacitor values of,€1pF, 37pF]
and G=[1pF, 37pF], and (b) the impedance coverage inSheth chart a\A=36" and
AA=65’ (lossless)
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4.7 Verifications

An impedance networwith a reconfigurabléA is designed as shown Figure 4.15. The
AN will be reconfigued to three operating frequencies in this expart’'s work. Only two
RF switches (€and () were employed in the impedance netwdfkr the simplicity o
biasing circuitsthe serie inductors have been simplified wislerial transmission lits. The
AN between ¢and G is adjustecby usingan additional stage switching componeny), to

have aradditional electrical reactance for different frequies

The impedance netwc is first designed at GPS frequendihe Cy, will be set to
0.95976pF to achievar=36° at GSM frequency. When turnitmy LTE frequency, & will
be set to 1.5873pko provide the addition electricaldistance between; and G, thus

maintainingan equivalenAA=36° between Cand G.

Stage switcher,
(Cw)

il
. Zo, AL
]

T%\Tuning component

E (Co) -1

Tuning component
(C)

Figure4.15: Layout of the\\ reconfigurablei-network
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4.8 Prototyp ing

The photograph of thprototype impedance netwgriabricated on a F-4 with a dielectric
constant of 4.3 and thickneof 1.6mm, is presented in Figurel@. Two commercially
available varactor diodewere used as the tuning elemewith the hype-abrupt junction
capacitance range of 2.03pF to 37.2 [164]. A varactor diode was used as thy, for

adjusting theAA [159. The varactor diodes wergiased by three biasing voltai (Vg)

which individually hada variable voltage from OV to 8V.

\

Vg C, Vg (05 Vg
Figure 4.16:The fabricateA\\ reconfigurableéPi-network to achieve higimpedance coverage

multi frequency standar

The impedance netwo was tested using a networkadyzer (HP 8753A)The
impedance coverader threeoperating frequencies werseasured and compared with
simulatedresults, as shown iFigure 4.17 Even with the limited capacitanrange available
from the tuningcomponents, a wide tuning range for different fesgtiesare achieved
through adjustinghte electrical distan. A good agreement between the measuremen
the simulaibn results is fond. The measured impedanceverag is slightly reduced
compared to the simulations becaus thelosses of the transmission lirresolution of the
tuning componentand the handling processe$he uneven distribution of the impedar
coverage in the St chart isbecause of the hypabrupt junction tuning varactors, ich
have a low and inconsistt tuning resolution across the tuning rangke insertion loss of
the tuner is about @B as shown in Figure 4.18he slightly high insertion loss because of
thelow quality factor andimited tunirg values available in the semiconductor h-abrupt

junction tuning varacto.
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wyo ‘@xuepadwy

Frequency (1575MHz)

(@)

wyo ‘eouepaduw)

Frequency (900 MHz)
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wyo ‘sauepadw)

Frequency {700 MHz)

)

C

(

Figure 4.17Simulated (O) and measured (X) range of impedaneerage at (aGPS (1575 MHz)

(b) GSM (900 MHz), and (cLTE (700 MHz)
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Figure 4.181nsertion loss of thPi-network at 1575 MHz, 900 MHz and 700 M

4.9 Discussion S

Employing a large number oRF switcles improves the impedance coverage,
demonstrated in pervious research works. Howecomplexity of the biasing circuit ar
losses in the systerare proportional to the number of RF swigghin the impedance
network. A largenumber ofRF switches increases losses and ®z#he systems. Thuan

impedance netw&rwith a reduced number of RF switehis proposec

By identifying the AA for maximum impedance coverage, the impedance mk!
achievs a wide impedance tuning reg in the Smith chart. To maintain thAA for
maximum impedance coveraat different operating frequenciesgetilesign technique
proposed which idbased oradding a T-network aan approximate conversion of a st
lossless transmission line the impedance network. To cover aglar range of frequenc
standards, multiple Tietworls may be used to give more accurate resultThe series
transmission line at the-network could be replaced by twoinserters and a tunab
capacitor [55, 122hs an approximation fca tunable inductor oan electronically tunabl
transmission line. Tie makes te prototype exactly similar tine proposed structure, furtt
improvingthe impedance coveracThe coverage of impedance matcl can also be further

improved by using aigher range of tuning compone!
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The proposed technique is not limited to the preskriopology and operating
frequencies. By using a similar procedure as desdrimore frequency standards could be
covered in a single impedance network, signifigargbducing the number of RF switches in

the impedance network.

Introducing tunability to the RF front-end providgseat benefits but carries also
losses in the impedance network. Commercially alel varactor diodes have been used as
the tuning elements in the prototype to validate design approach. The drawback with
varactor diodes is the effect it has on the ovéoaBes with the structure — where the tuning
range is the most, the losses are larger [4]. Tigedance network consists of series and
parallel elements such as varactor diode itself,d€king capacitors, substrate resistance,
wire bonding/soldering. For parallel elements @& tmpedance network, the loss equals the
ratio between its parallel element’'s susceptanceé laad conductance, and for series
elements, it equals the ratio between its series@ht’'s reactance and load resistance. To
achieve minimum insertion loss, the susceptandbeparallel elements and the reactance
of the series elements must be small. Hence, getion loss can be improved by selecting
the desired impedance transformation trajectoaesyell as on the component values used

to achieve that transformation [28, 165].
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4.10 Summary

Topologies of microstrip-based impedance networkgehbeen discussed in this chapter.
These includev/4 transmission lines and continuously taperedslifr real impedance
matching; for complex impedance matching, they hragéching stub- and lumped elements-
based impedance networks. A technique to transfmtween the matching stub and the
lumped elements through Richard’s transformatioa ABo been presented, in order to
reduce the size and losses in the impedance netieckinologies of RF switches have been
analysed and broadly divided into semiconductoriuBa Strontium Titanate (BST) and
Micro Electro-Mechanical Systems (MEMS). The pradiesr of the RF switches are
compared in terms of losses, tuning range and RBrpeance. RF performance depends on
the technology considered; tuning range can beasad at the expense of a large number of
RF switches, which increase losses and design exityl For this reason, a design
technique has been proposed in order to reducentimeber of RF switches through
identifying the electrical distance for the maximumpedance coverage. Through
reconfiguring the electrical distance, the maximuompedance coverage has been achieved at
multi-operating frequencies. The proposed techniugee been verified by both simulations
and real measurements. Figure 4.19 summarises¢hs and the challenges addressed in
this chapter. In the next chapter, multi-band pennce in the integrated system based on a

tunable impedance network and an antenna will begmted.
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Figure 4.19: Summary of the areas and the chalkeaddressed in Chapter 4
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Chapter 5:
Tunable Impedance Network
Integrated with an Antenna for

Multi-band Wireless Devices

5.1 Introduction

This chapter describes the development and theratien of a wideband impedance
network with an antenna for frequency-agility a¢ RF front-end. The wideband impedance
network allows a considerable extension of the ajpmmal bandwidth of mobile device
antennas. Several methods including a multi-sectransmission line, radial stubs and
tuning steps are presented in order to increasepbeational bandwidth of the impedance
network. The presented impedance network is opgithie allow convenient implementation
of the necessary dc control lines, RF choke andb@€king capacitor to control the tuning
components. The integrated system re-tunes thenraaite performance after realisation,
enabling multi-band performance in the integratgdtesn. It also corrects the antenna

impedance mismatch due to manufacturing erroraxirgd the antenna design process.
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5.2 Antennas for Multi-standard RF Front-end

The bandwidth of an RF front-end is controlled bg input impedance of the antennas or by
the impedance matching between devices at the &F-&énd. This imposes severe design
constraints as the antenna must both be an efficaliator to free space, yet provide an

appropriate impedance match to the RF front-eraliit#.

5.2.1 Antenna in Mobile Devices

To achieve a large bandwidth, an electrically lasgee of antenna tends to be used.
However, in mobile telecommunication applicatioasmall size antenna is preferable with
the limited space available. However, a small aizeenna has input impedance that is easily

detuned by the surrounding objects, due to itsomalrandwidth characteristic [1-3].
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For instance, in close proximity to the user, tmgui impedance of &4 monopole
antenna mounted on a mobile phone was shifteddotdl®% in the operating frequencies of

914MHz and 1890MHz, as shown in Figure 5.1(a) &adspectively [166].

100
Shifted
80 o & Real [Z]
60 Mo o
40 Sysem-TTTTTTTTTT T = b A
impedance[Z0] x -
-g 20 X . C
X_2
e 0 X, "
N -207°% e 00
20 shited —7 | X
B Imaginary[Z] x‘*’x- x
-60 5 ¥
80 | X X x X x_%. %
100 L= T
Frequency /MHz
= o =|mg[Z]-sim X Img[Z]-Meas e Re[Z]-sim
O Re[Z]-Meas @  ====-- Re[Z0] - = =|mg[Z0]
(@)
100
80 et 4
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60 System /-RealZ]
_impedance[Z0] ________________af o O _____
E 40 00 0 09°%
S 0000 0000 iy
N 20 <« 7\ shified
+ Imaginary[Z
. F ginary(Z]
0 — 1+
201600 . '_I_'1|Z 1800 1900 2000 2100 2200
- - +
-40
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= o =|mg[Z]-sim +  Img[Z]-Meas e Re[Z]-sim
O Re[Z]-Meas @  ====-- Re[Z0] - - == Img[z0]

(b)

Figure 5.1: Effect on @/4 monopole antenna in close proximity to the usaysing a shift in the
antenna input impedance from its nominal valug) & (a) 914MHz and (b) 1890MHz

operating frequencies [166]
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Figure 5.2 compares the performance of the mondpalieal antenna in free space
and in close proximity to a human phantom [68]. Tihenan phantom is located at a distance
of 2.5cm from the antenna. The impedance of therarat was changed significantly by the
human phantom, changing the resonant frequenchefantenna away from the desired
frequency of 160MHz. The VSWR was increased frotm about 6.

[
o

VSWR
BN WD U N L

[
N
(]

135 145 155 WS 175

Frequency/MHz 160MHz,
VSWR ~1

=>&=Free Space = =@=CEffect of human body

Figure 5.2: Effect of a monopole helical anteimelose proximity to the human body, causing a
change in the resonant frequency of the antenng &rovan the desired frequency at
160MHz [68]
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The performance of the antenna is also affectedubsounding objects. Figure 5.3
shows $; of a microstrip patch antenna in free space ancldse proximity with a metal
sheet [167]. The effect of the metal plate sevedibyurbs the antenna performance. The
resonant frequency was increased by 30MHz from WBi6to 1546MHz and the reflected
power was increased as much as 13dB, from -14dBLd®&, at the original resonant
frequency (1516MHz).

S11/dB

Frequency / MHz
(1516MHz, -1dB)

(1516MHz, -14dB) =¥=undisturbed ==@=disturbed

Figure 5.3: Effect of a microstrip patch antennaciose proximity with a metal sheet shifts the

resonant frequency of the antenna and increasesfibeted power [167]
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5.2.2 Design of Wideband Antennas by using Switchab le

Impedance Networks

Small size antennas are bandwidth limited, whiledeliand antennas are typically
electrically large. An alternate solution is intating the small size antenna with an
impedance network to achieve wide bandwidth peréorre. Some realisations in designing
wideband antennas using switchable impedance nidwioave been published, but not
many. In [16], a switchable impedance network wa®duto achieve four discrete
frequencies from 470MHz to 770MHz for a meandereshopole antenna. In [124], a short
dipole antenna with a frequency range from 250Mé12@0MHz was achieved by using a
fixed impedance network. A switchable impedancevogt has also been proposed in [14],
corresponding to different working modes of the if@bommunication terminal. However,
both fixed and switchable impedance networks aehiwited tuning steps and cannot
further optimise the performance of the antennarafealisation. Substantial impedance
variations might happen because of manufacturimgr&r handling uncertainty or even

during operating conditions.

To achieve a multi-band RF front-end system, alilmampedance network is one of
the preferable solutions [7, 26-29]. The tunabl@édance network is integrated with the
antenna to achieve a good return loss for a widgeaof operating frequencies; the
integrated system is also able to cater for mishest@f the antenna impedance due to the
interference with other RF devices or in user-ofiegaenvironments. Thus, this increases
the capability of the RF front-end and improves limk quality by reducing the user’'s

impact on the antenna.

114



Chapter 5: Tunable Integrated System for Mblind Wireless Devices

5.3 Design of a Wide Bandwidth Frequency -Agility

Impedance Network

To achieve a wle bandwidth impedanmetwork the design can be baseda multi-section

transmission linematchingstub and tuning trajectory, which are discusseflésys.

5.3.1 Multi-s ection Transmission Line

The bandwidth of an impedannetwork can be visualised by thefxtor circle. Figure 5.4
shows the Q@actor circles orthe Smith chart. The higher the impedance misn level, the
bigger the Qractor circle to be matcheHowever, to matclthe high impedance misma

which has a high @actor, the bandwidth ofn impedance networkecomes narrow. Thu
to maintain the large bandwidth of the impedandevoik, multiple sections ctransmission

linescan be cascaded in order to reduce the ove-factor to be matche

Impedance/
Admittance

Frequencies

Figure 5.4Bandwidth of the impedance netwcdepends on the level of mismatch load could be

estimated by constant-Q lines on Smith chart
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For instance, to match a highly mismatched loa®+34)2 back to system
impedance 5Q, a Pi-network could be used, as shown in Figure 5.5[ag singlePi-
network with two RF switches achieves a minimuma@dr of 0.6, as shown in Figure 5.6.
The overall Q-factor could be reduced from 0.6 # )y using two sections #fi-network,

as shown in Figure 5.5(b). Thus, by cascading pialtsections of impedance networks, a
lower Q-factor and a wider bandwidth can be acldeve

Zy,A 18
Zsource <«—> Ziomp

a)

20,718 Zo, A 18

i R
(b)

Figure 5.5: Impedance networks based on (a) aesiighetwork, and (b) tw®i-networks

Single-section
transmission line

Mismatch Two-section

transmission line

Impedance/
Admittance

Matched condition

Frequencies

Figure 5.6: The impedance network based onRwoetworks achieves a smaller Q factor (Q = 0.4)
compared to a singlRi-network (Q = 0.6)
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5.3.2 Radial Stub

A microstrip M4 linear stub, either short- or open-circuitedn dse used to achieve
impedance transformation. A short-circuited studunees grounding the stub to the substrate
through a via hole, which creates difficulties mbfication. By having an additional4
wavelength, a short-circuited stub can be realsedn open-circuited stub, but it provides a
narrow bandwidth characteristic. In order to haweider bandwidth, a radial stub is used in
place of a linear stub. The bandwidth of the ragliab depends on the physical width of the
stub. At the connection point, the width of theiaadtub should be small; whilst at the open
end, the width of the radial stub should be wideoAnd shape should be given at the open
end to reduce charge accumulating at the rectangotaer. Moreover, when cascaded with
high impedance quarter-wavelength transmissionslirtbe radial stub can provide an
effective decoupling network for other RF activengmnents. Procedures for designing the
radial stub can be found in [168, 169].

The radial stub has a broader bandwidth to toldedidcation errors but it occupies
a larger board area, especially at lower frequandiethis work, to reduce the board area, a
zigzag linear stub is used to connect to a ratlidil. 'he zigzag radial stub was optimised by
considering the physical dimensions, the parasifiects of biasing circuits, and the tuning
components. The opening angle of the radial stskalsn been reduced from°a6 30. The
radial stub with 3®opening angle achieves smaller area compared tal stdbs and wider

bandwidth compared to linear stub, as shown inr€igu7 (ideal case).

Linear stub

%

Zigzag radial stub
(Angle=30)
Radial stub

Return Loss ,S11(dB)
T

'60\‘\‘\‘\‘\‘\“\‘\‘\‘\‘\‘\
06 08 10 12 14 16 18 20 22 24 26 28 30

freq, GHz
Figure 5.7: Bandwidths of linear open-circuitedosttadial stub (angle=8pand zigzag radial stub

(angle=36)
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The impedance network is targeted to a wide barttiwish particular for three
operating frequencies, i.e. LTE (700 MHz), GSM (GBz), and WIFI (2.45 GHz). The RF
switches are integrated with the zigzag radial stuith the electrical tunable stubs,
increasing the reverse bias voltage leads to adserin the capacitandg) (in RF switches,
effectively shortening the stub length) @nd changing the effective impedance of the stub,
as shown in (5.1)[119].

L= [2—];7 arctan(277.f.C.Zg)]. A (5.1)
wherelL is the length of the stulg is the capacitance in RF switches a@ds the nominal

system impedance

Simulations have been performed using Advanced gbeSiystems (ADS 2009)
based on a 1.6 mm-FR4 substrate with a dielectitstant of 4.55. By varying the RF
switches from 2pF to 16pF, it enables compensaimtpange in frequency caused by the
impedance mismatch either due to a poor fabricapoocess or under user-operating
fluctuating conditions, as shown in Figure 5.8. Mthe limited tuning range (2pF to 16pF),
the impedance network covers tuning regions 61 5,p<80Q and -15@< X oap<15Q2
for GSM and WIFI operating standards, and24® o,p<80Q and -5@ <X cap<50 Q for
LTE standard. The coverage of impedance matchimgbeafurther improved by using a

higher tuning ratio of RF switches.
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Figure 5.8: Frequency agility of the impedance mekwat LTE, GSM and WIFI
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5.3.3 Tuning T rajectory

Proper tuning steps also increase the impedanesrieés bandwidth Figure 5.9(a)
shows two different trajectories in the Smith c for tuning a mismatch load back to!
(centre of the Smith cha. The bandwidths of the tuning network with twosset tuning
trajectories are illustrated in a linear graph,shswn inFigure 59(b). The closer the
impedance tung trajectory comes to thedge of theSmith chart, the narrower tl
bandwidth. Maximum bandwidth for a given impedaneéwork can be obtained by keep
the trajectories shoand away from the edgesthe Smith chart. In addition, the trajector

of the impedancaetwork shoid be close to the real axis of tBaith chart and inside the
lower Q regions.

Tuning path 1

Mismatch
load Matched

Impedance/
Admittance

Frequencies
(0.5-3.5 GHz)

(@)

i

-10
)
Z 20
w'

-30

-40

Frequency (GHz)
(b)

Figure 5.9 The matching network with (ahe trajectories of impedance networla Smith chart and
(b) the correspondit return loss
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5.4 Optimization and Implementation

The design of the impedannetwork is referred to as the 50-design since the urce and
theantenna load impedar (Z,) are both set to . The impedances of the radial stubs
the interconnection linearedetermined based on the frequencies of inteiTo convert the
design tomicrostrip layou, the design ismodified to account for the added varac
capacitanceEventually, he design is optimel to obtain the final lengths and widfor all
sectionsof the impedance netwc. Practical parameters such as microstrip viass padhe

varactor, gap, etc. anecluded in the optimation process.

5.4.1 Layout of the W ideband Impedance N etwork

The geometry of the pposed microstrip impedance netwdskshown inFigure 5.10. The
layout of the impedancinetwork is etched on a sheet of BRprinted circuit boar

(thicknessh=1.6mm and relative dielectric consteg = 4.3).

S1

RF choke RF choke RF choke
o (+) @[ elcrm e ®

CR3
swm—»wﬁ& S4/ S5 <«—SMA

L DC blocki CRq
° (- ocking CR o (-
W, # 2 capacitor e 2 ©
RF choke

Figure 5.10Layout of theimpedance network for LTE, GSM and Wigperating standar

Three radial stubsSl S2 and S3 are designed based on their respective oper
frequencies at LTE, GSM and WIFI to allow for thatshing at 700 MHz, 1.8 GHz a
2.45 GHz frequencies. The gth and the width of the insets are determinedhieysize o

the semiconductovaractor W; x L;). To control the operating frequency of the impemk
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network, three varactors R CR andCRy) are inserted between the branches of the radial
stubs and the main transmission line. The fourttactar ((R4) is inserted at the main

transmission line to adjust the electrical lengtthe impedance network.

5.4.2 Controlling the RF Switches

Semiconductor varactors are used in this work ay #Hre low cost and available in the
market. Skyworks hyper-abrupt junction tuning vémes have been used in this work [159].
To control the varactor, six dc biasing circuite designed. The biasing circuit consists of dc
blocking capacitors and RF chokes, as shown inrEigull. For the varactor in on-state
(Ve>0V), the equivalent circuit is represented by a \dei@apacitor and a parasitic resistor,
R=3Q, while for the varactor in off-stat&/¢=0V), the equivalent circuit is represented by a

parasitic capacitor, C=0.64pF.

Four biasing lines are used for supplying dc fodvéiasing voltagesV) to
varactor 1, 2, 3 and 4. Two dc grounding linescarnected to each stu84andS9, which

drains the dc current from the varactor 1, 2, 34w ground.

Three dc blocking capacitors of C=220pF are chaseasolate the dc current from
RF paths. This value of dc blocking capacitor repnés a “near short circuit” condition in
RF operating environment. For instance, the impeelaralue of the blocking capacitor at
700MHz is £ = -j(1/wC) = -j1Q, whereas at 2.45GHz i¢ Z -j0.29. Thus, RF signals are

able to pass through the dc blocking capacitors littte loss or nearly no reflection.

The RF choke inductor isolates RF signals from ihgainto the dc path, therefore, a
very thin but within fabrication resolutio\, = 0.4 mm, L=/4) square spiral microstrip
inductor was used. By using this microstrip prinbeductor, the use of bulky off-chip RF
choke inductors can be eliminated. At the end efgharter-wavelength in the square spiral
inductor, a dc forward biasing voltagé:) is connected for controlling the varactor. The

varies fromQV to 8V, supplying capacitance proportional from 37pF.Gp6.
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DC blocking DC blocking

capacitor ~ Varactor capaTtor

RF choke
inductor

Figure 5.11The configuration irsemiconductor based varactiasing circui

5.5 Verification

The photograph of thprototype impedance networabricated on a F-4 with a dielectric
constant of 4.3 anthe thickness of 1.6mm, is shown in Figure 5.C@mmerciallyavailable
hyper abrupt junction tunirvaractors were used as the tgnalement{164].

Figure 5.12: Pototype o the impedance network with frequen@configurablecapability
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The prototypewas tested using a networkayzer (HP 8753A)The measurement
resultof the impedancnetwork exhibits a wide bandwild (>1GHz) as presented Figure
5.13.The insertion loss of the tuner ibout 2 dB The slightly high insertion loss is becal
of the tuning elements- hyper-abrupt junction tuning varactovghich have a low and
inconsistenttuning resolution across the tuning rai The tuning values in the varac
change in exponential rather than linear form. Timasg all the tuning value is available
the desired optimum performancA slight discrepancy between the measurement an
simulation is du¢o the handlin of the power supply wiresyhich are noconsidered during

thedesign and optimization stag
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Figure 5.13:Results of the ideband impedance network in (a) simulatéorl(b) measurement
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In this experimentthe frequencyresponses of antenna with and without matc
network have been demorated, as shown in Figure 5.14(dwo identical microstrif
circular patch antennas with operating frequency2ef5GHz have been us in this
experimentTwo antennas have been set apart at a fixed destdfeasuremenesults have
been captured for antenna with and without matchieigvork, as shown iFigure 5.14(b).
By using the impedance netw, a better return loss of 18dB ichieved at 2.45GHz
compared to the original 9dB. Integration of thep@&dancenetworl with the antenna
significantly increases the bandwidth to more th@80MHz, from the original bandwidth
250MHz, by having S11 most of the ti below -10dB, as shown iigure5.14(b).

(a)
25 'gé T {
20 ¢ T
WIFI (2.45GHz)

15| .
—.10, | ! 1
[=5]
.-9: 5| 2.45 GHz, S,,=18.62 dB
oy Microstrip patch antenna
v 0-
—
E-S L
10/ , LA NN
xls "..""‘. / ‘l"",

i 245GHzS;=-17.8dB | |, -

-20|  Impedance network integrated inv

a microstrip patch antenna ‘
-25 | '
03 3
Frequency, (GHz)
(b)

Figure 5.14: Integrad systenof the impedance networkith a simple microstri antenna in (a)

experimental setuand (b) measurement result at 2.45GHz
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Integration ofthe antenna with the impedance netv enables it to operate in ult

wideband frequencies, from 2.45GHz, 1Hz to 700MHz, as shown iFigure 5.15(a) and
(b).
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Figure 5.15:Measured results the integrated systeat (a) 1.8GHz, and (b) 700 Ml
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Due to the limitecexperimental setup, the transmission responseleofimtenrs
with and without the impedance network have obeen demonstrated at operati
frequency of 2.45GH The experiment was deliberately testhd integrated system at t
highest design frequey to capturehe highest losses in the impedance net. From the
experiment, even though the impedance networkesatdsses to the integrated syster

still improves the transmission response in overalshown itFigure 516.

-10 Impedance transformer integrated with a
microstrip patch antenna

.

~

-20
Microstrip patch

antenna

-30

Insertion Loss ,S,;{dB)

-40

-50 ! 1

1.9 2.1 2.4 2.7 3
Frequency, (GHz)

Figure5.16: Insertion loss of thentenna and the integrated sys

5.6 Discussions

Smaller bandwidths are achieved for frequenciegrothan 2.45GHzFor instance, the
integrated design hasturn losses of 23dB at 1.8GHz and 11dB at 700. This is due to
the impedance of the antenthat deviates from 5Q at frequencies other than the prim
design frequency (2.45GHz). A better performancthefintegrated design can be achie
by using a measured input impedance of the anteatier tha the 50-50 design in

develging the impedance twork.

Insertion loss iglefined as a ratio between dissipated power imta&ghing network an
power delivered to the loi [165]. For parallel elements of the impedance netwdrlg
power ratio equals the ratio between its loss and tonductance, and for series elemen
equals the ratio between its loss and load resistarhe lossearecontributed by equivalel

series resistancén the varactors, DC blocking capacitors, substragsistance,wire
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bonding/soldering and etc.. To achieve minimum ritize loss, the susceptance of the
parallel elements and the reactance of the sdaesats must be small. Hence, the insertion
loss can be improved by selecting the desired irupeel transformation trajectories, as well

as on the component values used to achieve timsforanation [28].

5.7 Summary

An integrated system to achieve multi-frequencydéads in a single RF front-end has been
presented in this chapter. The integrated systetmaged on a tunable wide bandwidth
impedance network integrated with a simple antefree tunable wideband impedance
network has been designed based on zigzag radia, sthich have a smaller area compared
to radial stubs and a wider bandwidth compared#al stubs. The tuning of the impedance
network increases the bandwidth by using the ssbitajectories within the lower Q circles
in the Smith chart. Integration of the tunable ingrece network with a simple patch antenna
significantly improves the antenna’s bandwidth adGHz (4 times original) and achieves a
better return loss of 18dB. Furthermore, the desigerates for frequencies ranging from
700MHz to 3GHz, covering most of the widely usedbite telecommunication operating
frequencies. The results demonstrate that manerdifit frequency standards could be
achieved in one circuit. This avoids multiple magescific transceiver units for different
standards on a single device. Figure 5.17 sumnsaitigeareas and the challenges addressed
in this chapter. In the next chapter, adaptive rilgms to search for the required impedance
state at the RF switches in the impedance netvibaded on different degrees of impedance

mismatch, will be presented.
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Chapter 6:
Adaptive Algorithms for Tunable

RF Impedance Networks

6.1 Introduction

Impedance network designs for impedance transfoomadf RF switches to improve
antenna performance and achieve multi frequencydatas have been presented in Chapter
5. This chapter presents adaptive algorithms terdéhe the required tuning stage at the RF
switches based on different levels of antenna irapee mismatch. It is highly desirable to
reduce the search time in order to minimise theafdata loss during the impedance tuning
process. Existing algorithms are either difficaltreach convergence for a complex number
or exhibit high computational resources which amlerable for mobile applications.
Presented here is a novel technique to reducedaeets time by more than an order of
magnitude by exploiting the relationships amongrttaess spring’s coefficient values derived
from the matching network parameters, thereby agmitly reducing the convergence time
of the algorithm. The search area of the algoritisnfurther reduced by the proposed
adaptive boundary technique, achieving a fastevergence rate and higher impedance

coverage.
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6.2 Adaptive Algorithms

Linear correlation or stochastic methods based tagaplgorithms are commonly used in
impedance matching networks [52, 67, 72, 73, 186;1174].

6.2.1 Linear Correlation Method

Linear correlation methods, such as least meanrsudS), were reported to search the
antenna impedance [165, 170, 173]. LMS has beed teematching the real [170] or

imaginary [165] parts of the antenna impedance. Li¥8s a gradient based method of
steepest decent, in searching for the matched iampedtuning values. LMS is designed to
match either the real or imaginary part of the idgrece but not both parts simultaneously

due to the non-linear correlation of the RF switcimethe impedance networks.

6.2.1.1 Formation of the Susceptance Matrix

The impedance network transforms the impedance Fofs®itches to a tuning region to
compensate the impedance mismatch between theoRfeind and antenna load, as shown
in Figure 6.1a. Tuneable impedance networks arelynbased orlL.C- or Pi-networks, as
shown in Figure 6.1b. RF switches; Xould be an array of capacitors or inductors.séhe
tunable capacitors or inductors generate the reduimpedance, as given by (6.1).
Depending on the topology of the impedance netwdHesimpedance transformation of the
RF switches can be obtained by applying (6.2) &8) (alternately. The equations (6.1) -

(6.3) apply to all types of transmission line, udihg coaxial cable, microstrip and metal

waveguides.
Sos s X
% xVoltage Standing Wave 0 ”nﬂn
ReMFomarded voltage X,
voltage % = =
—\NV—P—O0— FO—d——n
—

Matching Network

N
C,\> + Zin: me {ZLoad'Xi,t} +
V, L Adaptive Impedance v,

OI}\=IO
Z,oaa ’J; X, ’J; Xy

(a) b)(

Figure 6.1: Block diagram of an adaptive impedance networkrfgdedance network parameters (b)

impedance network topologidsC-network andPi-network
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=Y e £*Cpy np) OF Z =2 il N

ZTune{j_“N] Tung1...N] (6.1)

Z1p = Z I Z1ypei 62)

Z1p + j(Zot)
Zo * | Z1pti

Ztg = wheret; = tanAj;

(6.3)

Voltage Standing Wave Ratio (VSWR) is used as asmreaof impedance mismatch based
on the reflection coefficientl, as shown by (6.4) [119]. The mismatch betweenltiad
(ZLoag) @and the nominal system impedance) @ecides thé&'. By introducing the impedance
network, it provides the required impedance forahiaig the %, thus reducing th&. The
input impedance of the impedance network) (& a function of the Z.q, the %, the array of

N elements RF switches parameterX{f’(), and the distance between the RF switches in
radian ¢), as illustrated in (6.5). In this work, the,Zs used to determine the level of
mismatches in the system, as shown in (6.6).ITieea complex humber. The magnitude of
I" determines the VSWR, as by (6.7) [119].

r :M .
ZLoad + Zo
Zp=f {ZLoad’xi',\{:Zo,ti} .
N
M= fzin {ZLoad Xi ,t’ZO,ti}— ZO (6.6)
N
2,0 1ZLoad X Zo.b [+ Zo
VSWI%1+—|F|21 (6.7)
1-|r]
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6.2.1.2 The Process of LMS

The process of LMS is shown in Figure 6.2. The infau the algorithm is based on a
combination of impedance detectors such as VSWRBct®t phase detector and etc.. The
detection of VSWR only provides the levels of mistha However, a particular value of
VSWR can arise from an infinite humber of impedawmaties. Thus, VSWR information
alone does not give sufficient information to seldee components for the impedance
matching network. An additional of phase detect&s to be included in order to obtain the
complex impedance value. The impedance load datnisssumption that the complex
impedance value can be approximated from the inmpeddetectors such as VSWR detector

and phase detector.

Assuming an impedance detector provides the antenpadance value (4.), the error
signal €(n)) is generated by comparing thg @ith the desired system impedance (i.e. 50
Q). The g(n) is generated overiterations using (6.8), as plotted in Figure 6 .3fasmaller
e(n)is obtained when the real part qf hoves towards 20 while the imaginary part of;Z
moves towards zero, as shown in Figure 6.3 (b)r @eiterations, the weight factom)(is
updated bye(n), as by(6.9). Thew calculates the required tuning values at the Rifches.
The tuning values need to be properly defined tidagxceeding its boundary. The step size
(v) of the algorithm is considered with the trade-doffconvergence rate and accuracy. For

example, by using a large step sizeddads to fast convergence but less accuracy.

e(n) =d(n) - Z,(n)
(6.8)

w(n+1) = w(n) + z.e(n).G(n) (6.9)

wheree(n) is the error signald(n) is the desired impedancg,(n) is the input impedance,

w(n)is the weighting factor andis step size
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Initialise weight 1
Define the desired
impedance, ¢

Get antenna impedance
load data, Zaq

!

Calculates error signal,
e(n)

'

Update weighting factor

v

Meet stopping No
criteria?

Yes

Potential solution

Figure 6.2: LMS process flow
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Figure 6.3: Convergence of LMS based on (a) eiigorags and (b) the real and imaginary of input

impedances over number of iterations

6.2.1.3 Simulation Results

The effectiveness of the developed adaptive alyorihas been demonstrated for a
sample Pi-network with two RF switches placed at the eleatridistance of 30 The
mismatch antenna load was assumed having a val66+¢f15.6. The algorithm stops as
soon as the user-defined threshold &gn) is reached (e.g.e(n)k1) or the maximum
number of iterations (i.e., 100) is exceedEde evaluation criteria of the algorithm could

also be the transmitting power or transducer gars].
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Figure 6.4 shows theZbefore and after applying the algorithm in the tBnahart.
Two tuning values are generated£C.436pF and &5.3851pF) for matching the,Zoward

the 5@ in less than 21ms, as shown in Figure 6.5.

Figure 6.4: Convergence of LMS based on complexeniapces in a Smith chart

15

H
S

St

Tuning Capacitance, (pF)

Iteratinne

Figure 6.5: Tuning elements, @nd G over number of iterations
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Due to the nature of the highly non-linear coriielatin complex impedance, an
adaptive impedance network based on LMS algorithiimiited to correct either the real or
imaginary part of the Z,s Furthermore, the linear methods require a largaler of tuning
steps for a small increment value. In a strong ratsh condition, larger increment values
can be used to reduce the convergence time. Hoyweitbera larger step size, the algorithm

might be trapped at a local optimum or convergeat@-optimum solutions.

Recent work in tunable impedance networks has weebla large number of RF
switches [58, 144, 162, 163]. For instance, an oapee network based on a single stub
with four RF switches on the stub and six RF svagchn the transmission line has been used
[58], whereas eight RF switches have been usedG8]] Some impedance networks had
even been designed using 11 to 12 RF switches [183], To search potential complex
impedance solutions for a large number of RF sw#cla random global search method is

required.

6.2.2 Stochastic Method

Stochastic methods, such as the Genetic Algorit@®) (have been proven to be a very
powerful search method for many application aréd&ae GA works on an encoding of the
parameter set and searches globally within a papaolarhe GA has learning capability, and
does not require function derivatives. They thtigdithe nature of the tuning problem. To
correct both real and reactive mismatches, reseexdcpplied a specific GA [67, 72, 73,
171, 174].

The GA uses a stochastic method in searching foched impedance tuning values.
The algorithm mimics the metaphor of natural biatagevolution. At each generation, new
sets of approximations are created by the prodesslecting individuals according to their
level of fitness in the problem domain and breedimgm together using operators borrowed
from natural genetics. This process creates a ptipnlof individuals that are better suited
to the environment than the population that it wasated from, just as in natural adaptation.

The process of the GA is presented in Figure 6.6.

Each chromosome would be assigned a fithess valoeigh a customised fitness

function. The fitness value drives the selectiowaxas more fit individuals to be mated
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together during the reproduction phase. New chromes will be produced in the next
generation through the GA’s operators such as ovessand mutation. Newly generated
chromosomes will be evaluated by the fithess foncind the process continues through
subsequent generations. The average performarnindividuals in a population is expected

to increase, as good individuals are preservedbaed with one another and the less fit
individuals die out.

Formation of impedance
matrix

v

Initialising the
population (Parent)

v

Evaluating the fitness
function

v

Convergencé Yes

No

Selection

v

Crossover

y

Mutation

v

The new generation
(Offspring)

Solutions P

Figure 6.6: GA process flow
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6.2.2.1 Population

Before proceeding with the GA, the formation of timpedance matrix based on RF
switches (X is needed. The impedance matrix consists of chsmmes inN number, as
shown in Figure 6.7(a). A higher number Mfincreases convergence speed but requires
more computational resources. The chromosome iar@y of RF switches, as shown in
Figure 6.7(b). The chromosome can be encoded eryior real code. These chromosomes

are arranged such that the values can be uniquely mapped onto the decisioiahla
domain.

| Chromosome
‘ Chromosome
_ A | Chromosome
- h Chromosome
- A | Chromosome
- . Chromosome
A | Chromosome
(a)

‘ Xi  Xisr  Xisz Xieg roorrnsrssanananas X,

Figure 6.7: Population of the GA with (a) the fotina of the impedance matrix and (b) the
arrangement of RF switches in a chromosome streictur
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6.2.2.2 Fitness Value

Fitness function in the GAF(t) evaluates the performance of a chromosome basd¢tdeo
VSWR value. The VSWR value is an indicator for thegree of impedance mismatch. A
weighting factor is used to improve the searchiffigiency of the developed GA in complex

impedance domain by (6.10).

Fit = F{VSWR* W 4y (6.10)

where W', .., is a scaling factor that is inversely proportiotathe VSWR] is the number
of RF switches in the impedance netwdrls the number of chromosomes in the population

andN is the number of iterations.

6.2.2.3 GA’s Operators

Parents are selected for the next generation basdtieir scaled values from the fithess
scaling function. Crossover combines two individug@s parents) to form a new individual
(as child) for the next generation. Children areated between the lines containing the two
parents. The mutation function makes small randdranges to the children in the
population, which provides genetic diversity an@tgas the genetic algorithm to search a
broader area. The direction of changes is adaptigeherated with respect to the last

successful generation.



Chapter 6: Adaptive Algorithms for Tunati¥- Impedance Networks
6.2.2.4 Simulation Results

The effectiveness of the developed adaptive algarbased on GA has been demorted
for a samplePi-network witt a wavelengthA%) of 30 between twoRF switches. The
mismatch load was assumed a antenna load of 90-j*160rhe working frequency is
2.45GHz. 100 chromosomes are used in the simuléThe algorithm stops as soos the
userdefined threshold foFit(n) is reached (e.g.Fif(n)| < 1.1) or the maximum number
iterations (i.e., 100) is exceede Figure 6.8 shows Zbefore and after applying ttGA in
the Smith chart.

Figure 6.8 Convergence of GA based on complex input impeesimthe Smith chart

The developed GA has also been tested the Pi-networkwith four RF switches.
Convergence of th&A based on real and imaginary partsthe input impedance ovea
number of iterationss presented in Figure 6.9. The rgart of the input impedance
moved towards 5@ while the imaginary part of the input impedancencved towards @.
This value of the input impedance is closely madcivth system impedance, = 50Q),
thus significantly reducing the flected power. The variations @dining values in thdour

RF switcheover iterations are presented, as shin Figure 6.10.
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Figure 6.10: Tuning elements,@C,, C; and G over number of iterations

However, the convergence time of the GA is strorajfected by the population
size. Figure 6.11 shows distributions of GA in @@@es Monte Carlo simulations based on
four RF switches irPi-network for 4,4 Of 183.7+j*258. Four different sizes of population
have been tested i.e. 5, 10, 50 and 100 chromosoBmesilation results show that the

required number of iterations for a population sté& is significant longer compared to a

population size of 100.
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Figure 6.11: The required number of iterations &Afor population sizes of 5, 10, 50 and 100 in

1000 times Monte Carlo simulations in a four tueadlements impedance network

In Time Division Multiple Access (TDMA), data stmadivided into frames and
frames divided into time slots. Time slots contdata with a guard period if needed for
synchronisation. The tuning approach can potepti@Xploit the guard time between the
time slots of the transmitted and received signahitypical TDMA system. In a GSM
system, the signal waveform frame comprises 12%0bsy or bit periods, divided into 8
time slots of 156.25 symbol periods. Each TDMA ¢$las fixed 152.25 symbol periods for
traffic data, control data, etc., and 4 bit peridmisdynamic time alignment. During these 4
bit periods, the radio system can lower the PA aiuower level (to prevent the excessive

reflected power from destroying the PA) and perftmmimpedance tuning [26].

The tuning process will cause amplitude and phasgutation of the signal radiated
as matching network component values are changedaissmitted data may be corrupted if
tuning occurs during transmission. Therefore désirable to perform tuning during limited
idle periods, or at least minimise loss of datanbypimising the duration of the tuning
process [52, 176].

In the following section, a novel speedy Derivatverrective Mass Spring (DCMS)
algorithm has been proposed for adaptive impedaratehing networks. The performance
of the proposed algorithm is evaluated by simutetjalemonstrating a shorter convergence

time compared to the GA and better accuracy cordpareMS based methods.
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6.2.3 Derivative-Corrective Mass Spring Algorithm

The evolution of the proposed DCMS algorithm is goved by the fundamental second-
order numerical differential method for a basic shagring (BMS) [177]. The force exerted
by the spring k) is proportional to the stiffness of the sprirgy &nd the vicious damping
coefficient ), as shown by (6.11). Applying a finite-differenapproximation for the BMS
in (6.11), and incorporating the related networkapseters in (6.4) and (6.7), the next step

velocity (v),,) and the displacemenbi' ) of the spring are derived, as shown by (6.12)

t+1

and (6.13).
VN —VN N _DN
F =ma=m(t |,t):md(Di,t+1 L) = kD-rv (6.11)
- kD fvsw
Vit == - TSN = gD + -1 geoY (6.12)
k f{VSW
D = a-2)0N + - RN = (-kge). D + - rge)Vil (6.13)

In the BMS algorithm, a uniformn is used. However, in the proposed DCMS
algorithm, parametaris controlled by the VSWR while the VSWR is detared by and

Zn», Which are derived from the current displacememif} I. Zn, which is closer to the
coordinate of the Smith chart, has lower VSWR; @/8il, which is far from the centre of the
Smith chart, exhibits higher VSWR. The parametér incorporated withs,; and D}.;,

as shown in (6.12) and (6.13). A higher velocitymposed on individuals which are located
far from the centre of the Smith chart, as showrFigure 6.12a. Whereas, the velocity
decays towards the centre of the Smith chart, ngatkia individuals exploiting their current
locations better. This enhances the convergenaasplethe DCMS significantly compared

to the BMS, as shown in Figure 6.12a.

The BMS will always be trapped in local optimum whee mismatch impedance is
located at the edge of the Smith chart, as show#igare 6.12b. For the proposed DCMS, an

external random force (G%x,<1) is applied to re-tune the direction of conveige when
the individuals go out of user-defined boundarieg.(|imagZ,)[>100Q2) or the potential

tuning parameters are invalid(,(‘t' <0). This external force in the DCMS circumvents th
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limitation of the numerical method which is sengtio the initial values and enables better

extrapolation to its neighbourhood.
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6.2.3.1 Simulation Results

The DCMS algorithm was tested with two topologiée, LC- and Pi-network. The
algorithm stops as soon as a user-defined thresfurldhe VSWR is reached (e.g.,
VSWR<2) or the maximum number of iterations (48gxseeded. The results show that the
DCMS outperforms both the LMS and the GA with iesywfast convergence speed and high
accuracy, see Figure 6.13a and b. The LMS showsderate convergence speed compared
to the DCMS owing to its constant step size. Howgethee LMS is unable to converge when
both real and imaginary parts are involved in ti@rtg process, as shown in Table 6.1. The
GA and the DCMS have close average convergencs, r@tbough the GA’s convergence
rate could be improved further by allowing longendation time and increasing the number
of chromosomes. However, the GA has the longesiageeCPU time, which is more than
40 times slower compared to the DCMS.

- LMS (Real=50)
P> LMS (Real=15)
! m B GA

15 T T an

Cx
Convergence . e
Threshold 24 Ll. S triapaepisiss

I I I I I I I I
GO 5 10 15 20 25 30 35 40 45 50

(@)

) 50 ) - LMS (Real=50)
i35 7 P> LMS (Real=15)
‘B GA

(b)
Figure 6.13: Convergence of LMS, GA and DCMS baseda) VSWR over number of iterations,

and (b) complex input impedances,j4n a Smith chart
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Table 6.1: The average VSWR and CPU time for DCM8S and GA in 1000 runs based b@-
andPi- network for mismatches involving both real andgmary part of Z,.q (15+j15.6)
and solely the imaginary part of Zq (50+j15.6)

DCMS LC REAL & IMAGINARY 1.7643 2.9 Fast and good
convergence rate
IMAGINARY ONLY 1.2134 2.8
Pi REAL & IMAGINARY 1.4561 12.4
IMAGINARY ONLY 1.2053 13.1
LMS LC REAL & IMAGINARY 6.3731 16.4 Unable to converge
(VSWR>2) for the
IMAGINARY ONLY 1.4539 18.9 | mismatches involving
both real and
Pi REAL & IMAGINARY 3.6866 20.4 Imaginary parts
IMAGINARY ONLY 1.0979 20.3
GA LC REAL & IMAGINARY 1.3258 539.7 Slow CPU time
IMAGINARY ONLY 1.0879 536.9
Pi REAL & IMAGINARY 1.3921 544.6
IMAGINARY ONLY 1.2028 556.8
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6.3 Summary

This chapter has presented linear and stochastiedbadaptive algorithms for determining
the required impedance states at the RF switch®&S (a linear based algorithm) is fast in
speed but it is limited to match either real orgmary parts of the complex impedance. The
GA (a stochastic algorithm) is robust in searcHorgpotential complex impedance solutions
but it requires very expensive computational tirRer this reason, a novel Derivative-
Corrective Mass Spring (DCMS) algorithm which hastér convergence speed and is more
robust than existing algorithms, i.e. the LMS ane GA, has been proposed. The proposed
DCMS algorithm can intelligently increase diversityd escape from local optimum traps,
enabling it to converge to solutions faster. Moot can adaptively determine the next
step velocities and displacements, which signitigareduce the number of searching steps
required. In the second part, the DCMS is custodnise implementation in the impedance
network. A novel design technique through reconfiyy the boundaries of the search area
has been proposed. It is based on the impedaneenkét topology, operating band and
VSWR value. The searching space has been sigriffcesduced through identifying the
required minimum and maximum ranges of the indiglduThis significantly enhances the
convergence rate and reduces computational resourbe reduction in search time is very
important for reducing the risk of data loss andhieming better link quality for next
generation mobile applications. Figure 6.14 sumsearithe areas and the challenges
addressed in this chapter. The next chapter coesltitk research investigation and suggests

future work.
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Adaptive algorithm for tunable RR
impedance matching network

Conventional LMS GA
\ 4

Topology Operating band VSWR
W_'
Simulation results an
statistical analys

Treatment of
constraint

Figure 6.14: Summary of the areas and the chalkeaddressed in Chapter 6
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Chapter 7:

Conclusions

7.1 Summary and Conclusions

This thesis covers the research studies of DC-D@vexters, impedance networks
and adaptive algorithms for RF switches in ordesidbieve tunable and adaptable RF based
mobile telecommunication systems. Specifically, stedies are divided into three major
directions: (a) high voltage switch controller béhgg SC DC-DC converters for RF switch
actuation, (b) impedance network designs for impeddransformation of RF switches, and
(c) adaptive algorithms to calculate the requiregpédance at the RF switches for

compensating the impedance variation of an antenna.

To achieve satisfactory RF switch performancesibften necessary to have an
actuating circuitry to generate high DC voltages RF- switch actuation with low power
consumption. From the study, the RF switch cordratiased on an SC DC-DC converter
demonstrates a promising topology due to its higgrgy density and ease in integration. In
particular, due to its simpler switching circuittwo-phase SC DC-DC converters have been
investigated. Topologies of the SC DC-DC converteve been compared and the
performance in steady and dynamic states have beatysed in Chapter 2. From the
comparison, a Fibonacci converter (a non-lineataga gain topology) demonstrates that it
has the lowest voltage drop and the highest volgage by using the minimum number of
components. Transistor gate driving strategies fmeen proposed to make the Fibonacci

converter feasible for implementation. It was shoWrat the proposed gate driving
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techniques reduce the design complexity and iner¢las reliability of the Fibonacci SC
converter. A voltage conversion efficiency of 72%stbeen achieved by the prototype in

discrete technology as mentioned in Chapter 2.

In Chapter 3, a linear voltage gain topology of 8@ converter has been designed
and developed in a CMOS integrated circuit envirenth The design is based on the
enhanced low voltage interleave structure. Two hadaptive biasing circuits have been
proposed in order to eliminate the leakage curfeengce avoiding latch-up which normally
occurs with low voltage transistors when they aseduin high voltage design. The design
parameters for the SC converter have been analgaddoptimised. This includes the
capacitor’s size and the number of stages, whiele Bagnificant effects to the die area and
the power consumption of the converter. The effe€tgansistors’ threshold voltage drop
and parasitic capacitances have also been redacadiigher voltage gain and lower power
consumption. Through the proposed design technjghesSC DC-DC converter achieves
more than 25% higher boosted voltage compared twesters that use high voltage
transistors. The proposed design reduces the poamsumption by 40% through the charge
recycling circuit that minimises the effect of nmieality in high voltage capacitors.
Moreover, the proposed SC DC-DC converter achiewe45% smaller area than the

conventional converter. Measurement results vaditted proposed design strategies.

The second aspect of the research focuses on #igndand development of an
impedance network. An impedance network is designetiansform the RF switches to a
range of impedance tuning regions, which are slkgitétr compensating the impedance
variation of an antenna. The larger the impedano@ng region, the higher the ability of
impedance network to correct antenna impedance amisres. However, the maximum
achievable impedance tuning region is bounded éyuhdamental properties of the selected
impedance network topology and by the tunable wabfehe RF switches that are variable
over a limited range. A novel design technique dohieving the maximum achievable
impedance tuning region at different operating detries, through identifying the
frequency sensitivity of the impedance network, lb@en proposed in Chapter 4. By
reconfiguring the electrical distance between twe &witches, wide impedance tuning
regions are achieved across different frequendibs technique reduces the cost and the
insertion loss of an impedance network as the requaiumber of RF switches is reduced.
The prototype demonstrates high impedance covei@gesE (700MHz), GSM (900MHz)
and GPS (1575MHz).
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Integration of a tunable impedance network withaatenna for frequency-agility at
the RF front-end has been discussed in Chapten3mfedance network with zigzag radial
stubs, which have a wider bandwidth compared toeat stub but smaller area compared to
radial stubs, have been designed and developedtuhireg of the impedance network has
been designed based on the trajectories of theMREhes and the Q circle on a Smith chart
in order to achieve a larger bandwidth. The intégnaof the tunable impedance network
enlarges the bandwidth of a patch antenna by 1@z {imes the original bandwidth). In
the integrated system, the patch antenna alsoashig better return loss of 18dB. The
design reconfigures for a wide range of frequenayds, ranging from 700MHz to 3GHz.
This work demonstrates that a single transceivér miulti frequency ability can be realised

by using a tunable impedance network.

Another aspect of the research focuses on therdeasid) development of an adaptive
algorithm. The adaptive algorithm calculates theuneed biasing state at the RF switches for
compensating the impedance variation of an antdras2d on the degree of impedance
mismatch. It is highly desirable to reduce the cledime in order to minimise the risk of
data loss during the impedance tuning process.tigxisigorithms are either difficult to
converge for a complex number or exhibit high cotapanal resource that are intolerable
for mobile application. For this reason, a novetliiaive-Corrective Mass Spring (DCMS)
algorithm which has faster convergence speed amibig robust than existing algorithms,
i.e. the LMS and the GA, has been proposed in @naptThe proposed DCMS algorithm
increases the diversity intelligently and escapesiflocal optimum traps, which results in a
faster convergence rate. Moreover, it can adaptigetermine the next step velocities and
displacements, which significantly reduce the regpliinumber of searching steps. For multi
frequency standards, a novel design technique basedflexible search area has also been
proposed. The design technique reduces the segrepiace of the DCMS algorithm by
identifying the required minimum and maximum rang#sthe tuning elements. The
computational speed is doubled with the adaptiventary technique compared to the
conventional approach. This work demonstrates that proposed adaptive algorithm
successfully reduces the search time, thus redutiagrisk of data loss, which is very

important in mobile applications.
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7.2 Summary of Contributions

This section summarises the areas and the chafléengiesigning tunable RF based mobile
telecommunication systems that have been addrdsselis thesis. In particular, the
research areas include DC-DC converters, impedartgorks and adaptive algorithms,

which are discussed as follows.

7.2.1 Design of a High Voltage Switch Controller ba  sed on SC
DC-DC Converters for RF Switch Actuation

In this work, the design of the switch controll@r the RF switch actuation is
required to meet several stringent specificatisnsh as high voltage level, small size, low
power consumption and linearity. The research itmyaison has been started with the linear

and the non-linear voltage gain topologies.

7.2.1.1 Non-linear Voltage Gain SC Converter

The main contribution of this section is the desifjigate driving strategies that only require
few auxiliary transistors, hence reducing desigmglexity and increasing reliability in the
implementation of a nonlinear voltage gain SC corere The details of the research work

are as follows.
a. Research investigation into the nonlinear voltagiea $C converters

From the study, the non-linear voltage gain comretbpology provides higher

voltage gain in a smaller humber of stages compavethe linear voltage gain

topology. Among the non-linear voltage gain topglotpe Fibonacci SC converter
has been identified as having the lowest voltags lper gain compared to other
topologies. This topology also shows the advarstazjeusing a fewer number of
capacitors which result in a high conversion ratowever, the implementation of a
high voltage gain Fibonacci SC converter is complee to the requirement of a

widely different gate voltage for the transistarghe Fibonacci converter.
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b. Design of gate driving techniques

For this reason, two gate driving techniques foplamenting the Fibonacci SC
converter for both low and high step-up conversatios have been proposed in this
work. The proposed gate driving techniques onlwirega few auxiliary transistors
in order to provide the required boosted voltagesfvitching the transistors on and
off. This results in a reduced design complexityl ancreased reliability of the

Fibonacci SC converter.
c. Design optimisation and linearity improvement

The sizes of the transistors and the capacitorthefconverter have also been
optimised for a higher switching speed. To achiewearity, a large output capacitor
has been suggested to compensate for the highgeadlijpple due to a large voltage

difference between the stages of the Fibonaccieen
d. Implementation considerations for an HV switch colter using discrete technology

For the non-linear voltage gain converter impleragah, discrete or hybrid
technology is the best solution with a high capade per area and high voltage
rating limit of the components. A discrete protaypas been demonstrated in this

work, verifying the proposed techniques.

7.2.1.2 Linear Voltage Gain SC Converter

The main contribution of this section is the desifja high performance CMOS based linear
voltage gain SC DC-DC converter for high outputtage, low power consumption and

small die area. The details of the research wazlaarfollows.
a. Research investigation into the linear voltage g@hconverters

For the linear voltage gain topology, it is bespiemented in CMOS technology. In
this work, the design parameters for a high perboroe CMOS based SC DC-DC

converter has been analysed and synthesised.
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b. Design optimisation and linearity improvement

A low loading effect of the SC DC-DC converter Hmeen identified which allows
the size of the capacitors and its stages to bienigetd. Thus, this significantly
reduces the die area and the power consumptiorhefptoposed SC DC-DC
converter. In addition, a power saving of more tH&86 is achieved through the
proposed charge recycling circuit that reduces dffect of non-ideality in high

voltage capacitors.

The proposed design also demonstrates a high iimwgaerformance where very
small ripples have been observed at the outpuageltthrough complementing the
internal node voltages from the 1st and the 2ndrofthe SC DC-DC converter.

c. Design of adaptive bulk biasing techniques

In order to further improve the performance of th€ DC-DC converter, low

voltage transistors have been chosen for the ingiation in the high voltage SC
converter. Inter- and final- stages adaptive b@gsiimcuits have been proposed to
eliminate the leakage current, hence avoiding Wi current peaks flowing to the
substrate. A higher output voltage (more than 2&)@chieved with the proposed

technique compared to using high voltage transistor
d. Implementation considerations for an HV switch colfer in integrated technology

The layout for an HV design using CMOS technologycomplex and not as
straightforward as for an LV design. The layouttltd SC DC-DC converter has
been surrounded with several isolation layers whithbles the LV transistors in an
HV environment and further enhances the performaridhe transistors from the
substrate noise. The design has been fabricaté&di@ 0.35um technology. The

measurement results verify the proposed techniques.
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7.2.2 Impedance Network Designs for Impedance

Transformation of RF Switches

In this work, the impedance network has been design transform the RF switches to a
range of impedance tuning region which is suitafle compensating the impedance
variation of an antenna. A design technique has Ipgeposed to increase the impedance
tuning region through identifying the optimum efezl distance between the RF switches
in the impedance network, and maintain the higheidgmce tuning region across multiple
frequency standards through varying the electriislance. Research investigations have
been performed into the impedance network designguding impedance network

topology, impedance network losses, circuit siamable RF technology, impedance

coverage and the integrated system. The detaileealesearch work are as follows.
a. Research investigation into the impedance netwapklbgies

From the studies, topologies based ol/4atransmission line or a taper show the
limitation in impedance tuning that only coversealrimpedance region. Whereas,
topologies based on a stub or lumped elements iammednetworks demonstrate

complex impedance tuning ability.
b. Optimises impedance network to reduce losses aoditcsize

Optimisation to the impedance network has also heemormed. Conventional
impedance network topology consists of bulky anghHioss components such as
inductors, which are unfit for mobile applicationBechniques to replace these
unwanted components (such as inductors) to stubdincapacitive RF switches,
which have a higher quality factor and easier iratign features, have been
presented. Thus, the size and the losses in thedamze network are reduced based

on this optimisation technique.
c. Research study on the technology of RF switches

RF performance depends on the RF switches techyhalogsidered. Technologies
of RF switches such as semiconductor, BST, and MHEMd® been studied and
analysed in this work. The properties of the RiR@dves are compared in terms of

losses, tuning range and RF performance. Fromdimparison, impedance coverage
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can be increased at the expense of a large nunili®F switches, which increase

losses and design complexity.
d. Design of high impedance coverage technique

For this reason, a design technique has been mdporder to reduce the number
of the RF switches through identifying the eleeidistance between RF switches
for the maximum impedance coverage. By varying ¢hectrical distance, the

maximum impedance coverage has been achieved ttapetating frequencies.

7.2.2.1 Integrated System Designs for Multi Frequen  cy Standards

In this work, the development and the integratiba wideband impedance network with an
antenna for frequency-agility at RF front-end héveen performed, which are discussed as

follows.
a. Research study on the wide bandwidth impedanceonksw

The wideband impedance network allows a consideraxtension of the operational
bandwidth of mobile device antennas. Several methiondluding multi-section
transmission lines, radial stubs and tuning stepsliscussed in order to increase the

operational bandwidth of the impedance network.
b. Implementation considerations for an impedance otiwntegrated with an antenna

The presented impedance network is optimised tavatlonvenient implementation
of the necessary dc control lines, RF choke antlaCking capacitor to control the
tuning components. The integrated system improkesantenna’s bandwidth and
achieves a better return loss. The integrated mysteonfigures from 700MHz to
3GHz, covering most of the widely used mobile tetemunication operating
frequencies. The results demonstrate that mangrdiit frequency standards could
be achieved in one circuit. This avoids duplicatmgde-specific transceiver units

for multi frequency standards on a single device.
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7.2.3 Adaptive Algorithm for Determining the Requir  ed

Impedance States at the RF Switches

In the final stage, adaptive algorithms have beaerestigated to calculate the required
impedance states at the RF switches. A design itpafirhas been proposed to reduce the
search time by more than an order of magnitudexpyoging the relationships among the

mass spring’s coefficient values derived from thmpedance network parameters, thereby
significantly reducing the convergence time of éitgorithm. The research investigation has
been started with linear correlation and stochampiproaches. The details of the research

work are as follows.
a. Research investigation into the linear correlatipproach

From the study, linear correlation approaches, sagheast mean square (LMS),
have been applied in searching the antenna impeddMS is fast in reaching
convergence. However, LMS is limited in searchirg &ither the real or the
imaginary part of the impedance but not both psirtaultaneously due to the non-
linear correlation in complex impedance. With acréasing number of RF switches

in the impedance network, searching using LMS kélimore difficult.
b. Research investigation into the stochastic approach

For the stochastic approach, the Genetic Algorif@R) has been investigated. The
GA has been designed and well fit into this probléomain. However, analysis
shows that the GA converges in reverse correlatmrpopulation size. Large
population sizes require high computational costsich are not preferable for
mobile applications. By using a small populationloag convergence time is
required. A long convergence time might increaserik of data loss, as transmitted
data may be corrupted if tuning happens duringstrassion. Therefore, it is
desirable to perform tuning during very limitedageriods in order to minimise the

risk of data loss.
c. The design of a speedy adaptive algorithm for neodjiplications

For this reason, a speedy adaptive algorithm hes peposed which can adaptively
determine the next step velocities and displacesnesignificantly reducing the

number of searching steps required. The propoggigim reduces the search time
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by more than an order of magnitude by exploiting thlationships among the mass
spring’s coefficient values derived from the impeck network parameters, thereby

significantly reducing the convergence time of afgorithm.

A summary review of the areas and the challengdseaded in the thesis is concluded in

Figure 7.1.
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7.3 Future Work

The following are possible topics for further intigation:

7.3.1 High Voltage Switch Controller based on SCD C-DC
Converters for RF Switch Actuation

In this work, one future direction would be inteiijng the proposed HV SC DC-DC
converters with RF switches through flip chip teglogy. The dimensions of the HV SC
DC-DC converter have been customised to match lgxaah the RF switches to comply
with the flip chip technique. Figure 7.2(a) shows process flow for the integration of RF
switches with the HV SC converter in a single paekaFigure 7.2(b) illustrates the
integrated system underneath the encapsulatioroughrthe single package integration,
high voltage exposure on the system board can beled. Moreover, this eliminates the
need for electrostatic discharge (ESD) network ciéea, which significantly reduces 20pF
to 30pF capacitances at input/output (10) padss Wiil result in a much smaller packaging
than traditional carrier based packaging both gaand height. The short wires in the flip

chip technology will greatly reduce inductance atidw higher frequency operations. This
is crucial for RF applications.

Encapsulation
High voltage CMOS SC
DC-DC switch controller (MERJSME)’:ESS)

CMOS process) P

|
)

Integration of RF MEMS and CMOS SC DC-DC controller ’

CMOS SC DC-
DC controller

in a package through flip chip technology
(MEMS + CMOS process)

RF MEMS
switches

CMOS chip is flipped and
attached with RF MEMS
m
Wire bonding with the
packaging
DC/RF testing with
packaging
(a) (b)

Packaging

RF signal

Figure 7.2: System integration between an RF MEM#&ch and the CMOS SC DC-DC converter in
(a) process flow and (b) package level integratiwough flip chip technology
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7.3.2 Impedance Network Designs for Impedance

Transformation of RF Switches

In this work, commercially available varactors wereed as the tuning elements in the
prototype to validate the design approach. Thectara are cheap and easily available but
low in power handling. This limits the prototype fanctioning as both receiver and
transmitter. To achieve higher power handling cadppabespecially for the antenna used in
transmission, the work presented here can be extietadcapacitive RF MEMS switches. RF
switches based on MEMS technology demonstrate lomsartion loss and higher power

handling features compared to other technologies.

Another future direction would be developing thegwsed impedance networks with the RF

switches at the same platform to achieve smalkerand lower reflection loss.

7.3.3 Adaptive Algorithms for Determining the Requi red
Impedance States at the RF Switches

For the adaptive algorithm, one future directiouldobe to embed the proposed DCMS
algorithm in a processor and integrate it with matle impedance network. Figure 7.3 (a)
shows the simplified block diagram of an adaptiviegration system. The adaptive system
obtains the actual impedance value in real timeutjn an impedance detector. The degree
of mismatch can be obtained through off-the-shelfngonents e.g. AD8303[178]. The
impedance mismatch can also be obtained throudorpgng two subsequent detections,
with a second set of tuning values, assuming thg, Has remained constant, the load
impedance may be derived [69]. The adaptive alyoriwill search for potential solutions
based on the degree of the mismatch. The solutialisbe fed to a controller, which
provides high voltage for actuating the RF switcimethe impedance network. This process

will be repeated until a match condition is reaglasdshown in Figure 7.3(b).
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Chapter 7: Conclusions

7.3.4 Final Comments

Implementation of an impedance matching network lmamccomplished using a variety of

methods.

The impedance network can be designed togetherthgtlantenna which can maximise the
performance of the particular antenna [167]. Thpadance network can also be designed as
the 50-50 designs by assuming the source and antenpedance are both at(®0as in this
work. The earlier approach will obtain the besteant tuning performance but a longer
design process with severe design constraintslataeis simpler in design and generic that

can easily apply to any model with the antenna olapee at 5Q.

Similarly, the tuning can be performed by usinggkn[167] or multiple tuning elements
(this work). Single varactor tuning shows simplentcol mechanism however has
significantly limited tuning resolutions and low pi@dance coverage on Smith chart. Pi- and
T-network, require multiple tuning elements, shoighler tuning resolutions compared to
single varactor tuning. Pi-and T-network also slamwextra degree of freedom that is able to
control the bandwidth at the matched condition. SEhedvantages are achieved at the

expense of higher complexity in the biasing circais well as in the adaptive algorithm.

There is a trade-off between performance and coatplehich is up to the designer choices

and also the priority in the design requirements.

7.4 Conclusion

In conclusion, Figure 7.4 summarises the reseandfributions towards the realisation of
tunable RF based mobile telecommunication systeResearch study addressed the
challenges in the areas of DC-DC converters, impeslaetworks and adaptive algorithms
for RF switches in order to achieve multi frequem@nds RF front-ends, aiming at the

realisation of high performance mobile telecommatian systems.
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FAIRCHILD September 1997
]

SEMICONDUCTOR m

NDP6020P / NDB6020P
P-Channel Logic Level Enhancement Mode Field Effect Transistor

General Description Features

" 24 A, 20 V. Rygoy = 0.05 W@ V= -4.5 V.
Rosion = 0-07TW@ V= -2.7 V.
Rosiony = 0075 W@ V= 2.5 V.

These logic level P-Channel enhancement mode power field
effect transistors are produced using Fairchild's proprietary,
high cell density, DMOS technology. This very high density

process has been especially tailored to minimize on-state ®  Critical DC electrical parameters specified at elevated
resistance, provide superior switching performance, and temperature.

withstand high energy pulses in the avalanche and

commutation modes. These devices are particularly suited for ® Rugged internal source-drain diode can eliminate the need
low voltage applications such as automotive, DC/DC for an external Zener diode transient suppressor.

converters, PWM motor controls, and other battery powered
circuits where fast switching, low in-line power loss, and
resistance to transients are needed. = High density cell design for extremely low Ry oy)-

®  175°C maximum junction temperature rating.

= TO-220 and TO-263 (D*PAK) package for both through
hole and surface mount applications.

S
G
G G
D TO-220 S T0-263AB
S NDP Series NDB Series !
D
Absolute Maximum Ratings T, = 25°C unless otherwise noted
Symbol | Parameter NDP6020P NDB6020P Units
Vpss Drain-Source Voltage -20 \
Viss Gate-Source Voltage - Continuous %8 \
o Drain Current - Continuous -24 A
- Pulsed -70
Py Total Power Dissipation @ T, = 25°C 60 w
Derate above 25°C 0.4 Wwi/°C
T, s Operating and Storage Temperature Range -651t0 175 °C

© 1997 Fairchild Semiconductor Corporation NDP6020P Rev.C1



Electrical Characteristics (T, = 25°C unless otherwise noted)

Symbol |Parameter Conditions Min ‘ Typ ‘ Max ‘ Units

OFF CHARACTERISTICS

BVpes Drain-Source Breakdown Voltage Vs =0V, [;=-250 pA -20 \

Ioss Zero Gate Voltage Drain Current Vps =-16V, V=0V -1 HA

T,=55°C -10 HA

losse Gate - Body Leakage, Forward Ves= 8V, V=0V 100 nA

lossr Gate - Body Leakage, Reverse Ves=-8V,V, =0V -100 nA

ON CHARACTERISTICS (Note 1)

Vesm Gate Threshold Voltage Vps = Vs Ip =-250 pA -0.4 -0.7 -1 \
‘ T,=125°C -0.3 -0.56 -0.7

Roson Static Drain-Source On-Resistance Vs =-45V, [, =-12A 0.041 | 0.05 W
‘ T,=125°C 0.06 0.08

Roson Static Drain-Source On-Resistance Ve =-27V,1,=-10A 0.059 | 0.07

Roson Static Drain-Source On-Resistance Ves=-25V,I,=-10A 0.064 | 0.075

Ioon) On-State Drain Current Vgs =45V, V=5V -24 A

Os Forward Transconductance Vs =5V, I, =-12A 14 S

DYNAMIC CHARACTERISTICS

Cs Input Capacitance Vps=-10V, V=0V, 1590 pF

Cos Output Capacitance f=10MHz 725 pF

Ces Reverse Transfer Capacitance 215 pF

SWITCHING CHARACTERISTICS (Note 1)

toen) Turn - On Delay Time Ve =-20V, I,=-3A, 15 30 nS

¢ Tumn - On Rise Time Vos =5V, Regy =6 W 27 | 60 | ns

toen Turn - Off Delay Time 120 250 nS

t Turn - Off Fall Time 70 150 nS

Q, Total Gate Charge Vps =-10V, 25 35 nC

Qp Gate-Source Charge b= -24A Ves=-5V 5 nC

Qu Gate-Drain Charge 10 nC

NDP6020P Rev.C1



Electrical Characteristics (T, = 25°C unless otherwise noted)

Symbol |Parameter Conditions | Min | Typ | Max | Units
DRAIN-SOURCE DIODE CHARACTERISTICS

g Maximum Continuous Drain-Source Diode Forward Current -24 A
(" Maximum Pulsed Drain-Source Diode Forward Current -80 A
Ve Drain-Source Diode Forward Voltage Ve =0V, Ig =-12 A (Note 1) -1.1 -1.3 \

t Reverse Recovery Time Ves =0V, I.=-24 A, 60 ns
T dl/dt =100 A/us

I Reverse Recovery Current -1.7 A

m

THERMAL CHARACTERISTICS

unc Thermal Resistance, Junction-to-Case 25 °C/IW

RG]A Thermal Resistance, Junction-to-Ambient 62.5 °C/IW

Note:

1. Pulse Test: Pulse Width < 300 ps, Duty Cycle < 2.0%.

NDP6020P Rev.C1



Typical Electrical Characteristics
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Figure 1. On-Region Characteristics.
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Figure 3. On-Resistance Variation
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Figure 5. Transfer Characteristics.
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Typical Electrical Characteristics (continued)
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Typical Electrical Characteristics (continued)
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PD - 95089A

IRLR3802PbF
IRLU3802PbF

International
TSR Rectifier

o HEXFET® Power MOSFET

Applications
e High Frequency 3.3V and 5V input Point- Vbss RDS(on) max Qg

of-Load Synchronous Buck Converters

y 12v 8.5mQ 27nC

e Power Management for Netcom,

Computing and Portable Applications.
e |Lead-Free
Benefits L
e Ultra-Low Gate Impedance \:m
° Very Low RDS(on) \-\ . &
e Fully Characterized Avalanche Voltage 2

and Current D-Pak I-Pak

IRLR3802 IRLU3802
Absolute Maximum Ratings
Symbol Parameter Max. Units
Vbs Drain-Source Voltage 12 \
Vas Gate-to-Source Voltage +12 Vv
Ib @ Tgc =25°C Continuous Drain Current, Vgs @ 4.5V 84 @
Ip @ Tc =100°C| Continuous Drain Current, Vgs @ 4.5V 60® A
Ibm Pulsed Drain Current® 320
Pp @T¢ = 25°C Maximum Power Dissipation 88 W
Pp @Tc =100°C| Maximum Power Dissipation 44 W
Linear Derating Factor 0.59 mW/°C
Ty, Tsta Junction and Storage Temperature Range -55 to + 175 °C
Thermal Resistance
Parameter Typ. Max. Units

ReJc Junction-to-Case _— 1.7
Rosa Junction-to-Ambient (PCB mount)* _— 40 °C/W
RoJa Junction-to-Ambient —_— 110
Notes ® through @ are on page 9
www.irf.com 1

12/7/04



IRLR/U3802PbF

International

TR Rectifier
Static @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. | Max. | Units Conditions
BVpss Drain-to-Source Breakdown Voltage 12 | — \' Vgs =0V, Ip = 250pA
ABVpss/AT; | Breakdown Voltage Temp. Coefficient | — [0.009| — | V/°C| Reference to 25°C, Ip = 1mA ®
Rps(on) Static Drain-to-Source On-Resistance : f 83;’ mQ xgz z :23 :E i Eﬁ ©
Vas(ih) Gate Threshold Voltage 06 | — | 1.9 \' Vps = Vgs, Ip = 250pA
AVgs(nyATy | Gate Threshold Voltage Coefficient — | -8.2| — |mV/°C
Ioss Drain-to-Source Leakage Current : : ;gg pA sz : ggx xgz : gz T 125°C
loss Gate-to-Source Forward Leakage — | — | 200 nA Vgs = 12V
Gate-to-Source Reverse Leakage — | — | -200 Vgs =-12V
Ofs Forward Transconductance 31 _ — S Vps = 6.0V, Ip = 12A
Qq Total Gate Charge — | 27 M
Qgs1 Pre-Vth Gate-Source Charge — | 36 | — Vps = 6.0V
Qgs2 Post-Vth Gate-Source Charge — | 20 | — Vgs = 5.0V
Qgd Gate-to-Drain Charge — | 10 | — | nC | Ip=6.0A
Qgodr Gate Charge Overdrive — | 11| — See Fig.16
Qsw Switch Charge (Qgs2 + Qgq) — |12 | —
Qoss Output Charge — | 28 | — | nC | Vps=10V, Vgs =0V
td(on) Turn-On Delay Time —_— 11 — Vpp = 6.0V, Vgs = 4.5V®
1 Rise Time —_— 14 | — ns | Ip=12A
td(offy Turn-Off Delay Time — | 21 | — Clamped Inductive Load
1t Fall Time —_— 17 | —
Ciss Input Capacitance — | 2490 — Vgs = 0V
Coss Output Capacitance — (2150 — | pF | Vps=6.0V
Crss Reverse Transfer Capacitance — | 530 | — f =1.0MHz
Avalanche Characteristics
Symbol Parameter Typ. Max. Units
Eas Single Pulse Avalanche Energy® — 300 mJ
IaR Avalanche Current® — 20 A
Diode Characteristics
Symbol Parameter Min. | Typ.| Max.| Units Conditions
Is Continuous Source Current _ || sa@ MOSFET symbol °
(Body Diode) A showing the
Ism Pulsed Source Current integral reverse G
(Body Diode) @ — | —| 320 p-n junction diode. s
Vep Diode Forward Voltage — | 0.81| 1.2 \Y Ty=25°C,ls=12A,Vgs=0V O
— o065 — Ty=125°C, Is = 12A, Vgs = OV ®
ter Reverse Recovery Time — | 52| 78 ns | Ty=25°C, Ir=12A, Vg=20V
Qrr Reverse Recovery Charge — | 54| 81 nC | di/dt=100A/us ®
ter Reverse Recovery Time — 1| 50| 75 ns | Ty=125°C, Ir = 12A, Vg=20V
Qi Reverse Recovery Charge —| 50| 75 nC | di/dt =100A/us ®
2 www.irf.com
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IGR Rectifier

1000 VGS 1000 VGS
[TOP 10V [TOP 10V
45V = 45V
. 35V A _ 35V ///
< 100 25V=; < 25V
: 2.3V= : 100 2.3V,
c 20V c 20V
g 18V g 18V
3 BOTTOM 1.5V > BOTTOM 1.5V
O 10 === &} -
o) — 0] L
o e g
> — >
] L~ [} =~
7] ) =
S 1 e S E/
£ £ = 1.5V e ~
Q Q )
a | 1.5v=" a 1 ==
_é 0.1 — _é |
= 20ps PULSE WIDTH 20us PULSE WIDTH
Tj = 25°C T=175°C | | | |]]
0.01 0.1
0.1 1 10 0.1 1 10
Vpg, Drain-to-Source Voltage (V) Vpg, Drain-to-Source Voltage (V)
Fig 1. Typical Output Characteristics Fig 2. Typical Output Characteristics
1000 15 T
o In = 84A L/
[&] DI 1 /
R TJ = I25"C// § VGS =4.5V
< 7] /
— 100 — 3 /]
g = T,=175°C T é
o 7 i J c
O // Q0
2 / g 3 L
o A/ R pa
5 10 1 o N oqp
o 7 N © /
@ i e E Ve
[e] /J (IS
= / 5 Z d
S / S b
a 1 1 -
o i 5
Vbs =50V a
20us PULSEWIDTH |
0 0.5
1.0 2.0 3.0 4.0 5.0 6.0 60 -40 20 0 20 40 60 80 100 120 140 160 180
Vgs, Gate-to-Source Voltage (V) T, , Junction Temperature (°C)
Fig 3. Typical Transfer Characteristics Fig 4. Normalized On-Resistance

Vs. Temperature
www.irf.com 3
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IR Rectifier
100000 v o, f=1MHZ 12 ' | |
Gs =% = Ip= 6.0A
Css =Cgs*+Cyar Cgs SHORTED _ D Vpg=12V
Cres = ng % 10
Coss = Cys * G S
% 10000 S 8
g 8
S Ciss 3 6
= 111 (2] d
Coss o
8_ 1000 3 4 4
1)
3 G 2 J
Crss >
100 0
0 10 20 30 40 50
1 10 100
Qg Total Gate Charge (nC
Vpg, Drain-to-Source Voltage (V) G ge (nC)
Fig 5. Typical Capacitance Vs. Fig 6. Typical Gate Charge Vs.
Drain-to-Source Voltage Gate-to-Source Voltage
1000.0 1000 P
OPERATION IN THIS AREA
— LIMITED BY Rpgl(on)
< < Pk '
= 100.0 = %
o F o RN MK
5 T=175C /7 s 100 Z— £100psec:
o y A % Z MR i
c K
g 100 / / s > : i
a ) —7 Q 2] N M 1msec
® i 1 U.) ~ M
: & : | i T ]
2 | c 10 ile Eaat
5 I T - 10msec =
£ 10 Jl_| T =25C a :
O =1 . i
2 I & fre=asc :
111 Ven =0V LTj = 175°C 1
I I G|S Single Pulse :
0.1 1 L Ll L
0.0 0.5 1.0 15 2.0 25 0 1 10 100
Vgp, Source-toDrain Voltage (V) Vpg , Drain-toSource Voltage (V)
Fig 7. Typical Source-Drain Diode Fig 8. Maximum Safe Operating Area

Forward Voltage
4 www.irf.com
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IGR Rectifier
I‘D
Vos > M
100 T T T
LIMITED BY PACKAGE .
80 [ :lfr, ool
-‘.
— -~
< S D.UT
T / ~~~ \Y
5 60 ~. T Ves
5 *a Pulse Width < 1ps
(&) 0 Duty Factor < 0.1%
£ o J_
©
a 40 ‘s‘ =
el \ Fig 10a. Switching Time Test Circuit
20
VDS /
90%
0
25 50 75 100 125 150 175
To,CaseT ture (°C
¢ » Case Temperature (°C) 10%
/ \ /i \
Ves —4 | |
Fig 9. Maximum Drain Current Vs. p e t 8
don) Y dof) 1
Case Temperature
Fig 10b. Switching Time Waveforms
10
S 1 |EDb=0.50
£ :
N ——0.20—— — T
3 0.1 ==s0e
f—
5 o1 =005 —
@ ——0.02— s
s —_0.01—=7 =
= — -
€ L~
g 001 -1 ——————————
= SINGLE PULSE
(THERMAL RESPONSE )
0.001
1E-006 1E-005 0.0001 0.001 0.01

Fig 11.
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IGR Rectifier
5000
— Ip
g TOP 8.0A
; 14A
D 4000 BOTTOM  20A
&
2 |
S 3000
S
g \
<
$ 2000
T
Fig 12a. Unclamped Inductive Test Circuit 5 \
c
& 1000 N
I 7}
V(BR)DSS X %;
o tp# 0
25 50 75 100 125 150 175
/ Starting T j, Junction Temperature (°C)
\ Fig 12c. Maximum Avalanche Energy
/ Vs. Drain Current
las ——

Fig 12b. Unclamped Inductive Waveforms

Current Regulator

1.4

™~

| puT T./DS
0.8 \\\ :tlju
\ Vas

0.6 \\ amal [

Ic = Ip

Current Sampling Resistors

0.4

VGS(th) Gate threshold Voltage (V)

02 Fig 14. Gate Charge Test Circuit
75 50 25 0 25 50 75 100 125 150 175

T, , Temperature (°C)

Fig 13. Threshold Voltage Vs. Temperature
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@ Driver Gate Drive PW
D.U.T Period =
—+ [—P.W- Period
4 3/ 1 OV*
! 4) 0 Circuit Layout Considerations C ¢Gs_
e Low Stray Inductance )Y
e Ground Plane
< e Low Leaka
ge Inductance @ [D.U.T 1o Wavet
K Current Transformer .U;aveor,m—g
%) Reverse
@ Recovery Body Diode Forward
- + Current ™ Current /‘
di/dt
T T @ |D.U.T. Vpg Waveform
—0 NV Diode Recovery \ -
@ dv/dt t
1 lDD
Rg A o dv/dt controlled by Rg Vb Re-Applied -| "
o Driver same type as D.U.T. _|+ Voltage Body Diode ’ ’ Forward Drop
* |gp controlled by Duty Factor "D" T @ |inductor Curent
e D.U.T. - Device Under Test

www.irf.com
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Ripple < 5% lsp

* Vg = 5V for Logic Level Devices

Fig 15. Peak Diode Recovery dv/dt Test Circuit for N-Channel
HEXFET® Power MOSFETSs
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D-Pak (TO-252AA) Package Outline

Dimensions are shown in millimeters (inches)

International
IGR Rectifier

— @
ﬁ b3 T {6[o0w @zI@[C[AE]
L‘J 7 R NOTES:
T 1.0 DIMENSIONING AND TOLERANCING PER ASME Y14.3 M- 1994,

20 DIMENSIONS ARE SHOWN IN INCHES [MILLIETERS)].
3.0 LEAD DIMENSION UNCONTROLLED IN L5
40 DIMENSION DI AND E1 ESTABLISH A MINIMUN MOUNTING SURFACE FOR THERMAL PAD.

o]
A
|
L4
] [

. JUL U

010 [02540 FROM THE LEAD TP

6.0 DIVENSION D & E DO NOT INCLUDE MOLD FLASH. MOLD FLASH SHALL NOT EXCEED
005" (0.127) PER SIDE. THESE DMENSIONS ARE MEASURED AT THE OUTERMOST
EXTRENES OF THE PLASTIC BODY.

7.0 DUTLINE CONFORNS TO JEDEC QUTLINE TO-252AA.

o [BI00T0BICTAR]
[}

o
TF DIMEN SI10NS

\ SYMBOL | MILLMETERS INCHES
¢ A W NAC | W WAX NorEs
o X e | aw || e | o
1P| LA seamne pLane » o oo
RS 1 S PP [ [ e I Lok psscvers
I Al b1 064 o7 s oo s
o
| om P HEXFET
1) —=t b3 495 545 195 215
o | oo | me | om B 1.- GATE
ot o4 056 as 02z 5 2.- DRAN
DETAL A" @ s | o oa | o N 3.~ SOURCE
ROTATED 90° o so | ez 23 245 6 4= DRAN
o | sa | - 25 .
s
.

€1 e | em | en | m | s re. CoPAT
o | am | - o
¥ — b . n o & 1. GATE
W [T | w0 | am 2.- COLLECTOR

L 140 178 -85 070 33— EMITTER
u 274 R 108 REF 4.— COLLECTOR
o e w5 0 o
o1 © &) o8 127 o5 030
1 w s o0
/ | we | s | es | 0w 3
B e | w | e | w
/ o1 o o | w -
/ | | PLATING PLATING METAL
(DATUM A) LJ THERMAL PAD SECTION C-C

Lod

6.0 SECTION C-C DMENSIONS APPLY TO THE FLAT SECTION OF THE LEAD BETWEEN .005 [0.127] AND

I

VEW A-A

D-Pak (TO-252AA) Part Marking Information

EXAMPLE: THIS IS ANIRFR120

PART NUMBER
WITH ASSEMBLY INTERNATIONAL
LOT CODE 1234 RECTIFIER DATE CODE
ASSEMBLED ON WW 16, 1999 LOCO YEAR 9O = 1999
INTHE ASSEMBLY LINE "A" WEEK 16
Note: "P"in cssembly line position ASSEMBLY LINE A
indicates "LeadFree! LOT CODE

OR

PART NUMBER
INTERNATIONAL
RECTIFIER U120 P DESIGNATES LEAD-FREE
LOGO = -
If;R PQ;ZA PRODUCT (OPTIONAL)
YEAR 9 = 1999
ASSEMBLY WEEK 16
LOT CODE

A= ASSEMBLY SITE CODE

www.irf.com
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IGR Rectifier

I-Pak (TO-251AA) Package Outline

Dimensions are shown in millimeters (inches)
A~
[ NOTES
4‘ A 1 DIMENSIONING AND TOLERANCING PER ASME Y14.5 M- 1994.
| 2 DIMENSIONS ARE SHOWN IN MILLIMETERS [INCHES].
3 DIMENSION D & E DO NOT INCLUDE MOLD FLASH. MOLD FLASH SHALL NOT EXCEED
0.005" (D.127) PER SIDE. THESE DIMENSIONS ARE MEASURED AT THE OUTERMOST
EXTREMES OF THE PLASTIC BODY.
4 THERMAL PAD CONTOUR OPTION WITHIN DIMENSION b4, L2, E1 & D1
e 5 LEAD DIMENSION UNCONTROLLED IN L3
A DIMENSION b1, b3 APPLY TO BASE METAL ONLY.
7 OUTLINE CONFORMS TO JEDEC QUTLINE TO-251AA
8 CONTROLLING DIMENSION @ INGHES.
LEAD ASSIGNMENTS
DIMENSIONS
srMBOL MILLMETERS INCHES HEXEET
o —_ MIN Max WN MAX. NOTES 1,- GATE
Al A 218 239 0.086 09t 2.— DRAN
b M 089 1,14 00% | 004 3.~ SOURCE
[8]0.010 (0.2 B[C[A B < ! ' ’
= 3x b 064 089 0025 0035 4.~ DRAN
E»__. bl 084 079 0025 aost 4
2 b2 076 114 0030 0045
b3 076 104 0,030 0,041
A b4 500 545 0195 0215 4
E1 c 048 081 aotg 0024
el 041 056 0016 0022
a 2 046 0.6 0018 0035
(@) D 597 622 0.235 0245 34
o1 A D1 521 - 0.205 - 4
(b, b2) € 6.35 673 0.250 0.265 34
h ﬂ E1 432 - a170 - 4
3 \—ZJ 1 T /T e 229 0.090 BSC
(© o1 L 889 960 0.350 0.380
|| &} 191 229 0075 0090
L 2 089 127 035 0.050 4
13 114 152 0045 0.060 5
b1, b3 o1 [ 15" o 15°
SECTION A=A
VIEW A-A

I-Pak (TO-251AA) Part Marking Information

www.irf.com

EXAMPLE: THIS IS AN IRFU120 PART NUMBER

WITH ASSENBLY INTERNATIONAL

LOT CODE 5678 RECTIFIER DATE CODE
LOsO YEARO = 1999
ASSEMBLED ONWW 19, 1999 AR~
INTHE ASSEMBLY LINE "A"
LINE A
Note: "P" in cssemidy line ASSEMBLY
’ Y LOT CODE

position indicates "Lecd-Free!

OR

PART NUMBER
INTERNATIONAL
RECTIFIER DATE CODE
LOGO P = DESIGNATES LEAD-FREE
PRODUCT (OPTIONAL)
YEAR 9 = 1999
ASSEMBLY WEEK 19
LOT CODE

A= ASSEMBLY SITE CODE
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. IGR Rectifier
D-Pak (TO-252AA) Tape & Reel Information

Dimensions are shown in millimeters (inches)

R TRR
[EJRCIRORRCR {? a ¢* 49* i}
163 163 (.6
15.7 ( 157(
12.1(.476) 8.1 (.318)
119 ( 469) FEED DIRECTION o) FEED DIRECTION

NOTES :

1. CONTROLLING DIMENSION : MILLIMETER.

2. ALL DIMENSIONS ARE SHOWN IN MILLIMETERS ( INCHES ).
3. OUTLINE CONFORMS TO EIA-481 & EIA-541.

5 13INCH Q —=-

16 mm% %7
NOTES :
1. OUTLINE CONFORMS TO EIA-481.
Notes:
@ Repetitive rating; pulse width limited by ® Pulse width < 400ps; duty cycle < 2%.
max. junction temperature. @ Calculated continuous current based on maximum allowable
@ Starting T;=25°C, L = 1.4mH junction temperature. Package limitation current is 30A.

Rg = 25Q, Iag = 20A.

* When mounted on 1" square PCB (FR-4 or G-10 Material).
For recommended footprint and soldering techniques refer to application note #AN-994.

Data and specifications subject to change without notice.
This product has been designed and qualified for the Industrialmarket.
Qualification Standards can be found on IR’s Web site.

International
R Rectifier

IR WORLD HEADQUARTERS: 233 Kansas St., El Segundo, California 90245, USA Tel: (310) 252-7105
TAC Fax: (310) 252-7903

Visit us at www.irf.com for sales contact information.12/04
10 www.irf.com



Note: For the most current drawings please refer to the IR website at:
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Appendix Il

Reconfigurable HV Controller based SC DC-DC
Converter
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Appendix

The block diagram of the reconfigurable controbbased SC DC-DC converter is shown in
Figure 1. The overall functional blocks of the nefigurable controller basically consists of
an SC DC-DC converter, a digital-analog-converl2A€) and an amplifier. The amplifier
will be controlled by the DAC, which converts a ithd input to an analog output. The
amplifier functions as a level shifter to magnifhetinput based on a voltage reference. The

voltage reference is provided by the SC DC-DC caeve

HV SC DC-DC converte

Pl Lo wanasvapav Converter  py

B 7]

P2 cLk1 P2 Pl cLk2

—{ >
Pl cLK2 P1 P2 CLKI E e
L L g8
! & =1

— ‘%“

Digital-Analoc-Converte  werer HV amplifier

DU
“Current ! ‘
o Source : g

Phase

0

"~ RFMEMs
Capacitance

Closed-loop | : i
Gain !

Figure 1: Structure of the reconfigurable contmliased SC DC-DC converter

The reconfigurable controller based on the SC DCelbverter has been simulated
at the post layout level using a 0.35 um CMOS teldgy with a supply voltage of 3.3 V.
Figure 2 shows the post layout simulation of thetemler. The SC DC-DC converter
maintains a nearly constant high output voltagelléo support the amplifier for variable
output voltages. The overall current consumptio2.BmA, giving a dissipated power of
7.26mwW.
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— JOIRDAC_AMP SWoutl —1Vout?2 —/CP
35.0
HV SC DC-DC converter P
30.0 - - /“""_‘——
25.04
Reconfigurable
20.04
controller
515.07
10.04
S-Oi - -
Resistive DAC
o1
5.0 T T T T T
0 100 200 300 400 500 600

tirne (us)

Figure 2: Post layout simulation to the reconfidgplieacontroller based on high voltage SC DC-DC
converter
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SKYWORKS’
DATA SHEET

SMV123x Series: Hyperabrupt Junction Tuning Varactors

Applications

o Low tuning voltage VCOs
o High-Q resonators in wireless system VCOs
o High-volume commercial systems

Features

o High capacitance ratio
o Low series resistance for low phase noise
o Packages rated MSL1, 260 °C per JEDEC J-STD-020

® Skyworks Green™ products are compliant with Description
all applicable legislation and are halogen-free. The SMV123x series of silicon hyperabrupt junction varactor
D For additional information, refer to Skyworks diodes are designed for use in Voltage Controlled Oscillators
Definition of Green™, document number (VCOs) with a low tuning voltage operation. The low resistance of
S$Q04-0074. these varactors makes them appropriate for high-Q resonators in

wireless system VCOs to frequencies over 2.5 GHz. This family of
varactors is characterized for capacitance and resistance over
temperature.

Table 1 describes the various packages and markings of the
SMV123x varactors.

Skyworks Solutions, Inc. e Phone [781] 376-3000 e Fax [781] 376-3100 ¢ sales@skyworksinc.com ® www.skyworksinc.com
200058P e Skyworks Proprietary Information e Products and Product Information are Subject to Change Without Notice e April 25, 2011 1



DATA SHEET ¢ SMV123x VARACTORS

Table 1. Packaging and Marking

P

B

.

Ey

Fiy

Ey

Single Single Single Common Cathode Common Anode Common Cathode
SC-79 S0D-323 S0T-23 S0T-23 SC-70 SC-70
Green™ Green™

SMV1231-074

Marking: JA3
SMV1231-079LF SMV1231-011LF SMV1231-074LF
Marking: Cathode Marking: KA Green™
Marking: KA3
SMV1232-074
Marking: CC3
SMV1232-079LF SMV1232-011LF SMV1232-074LF
Marking: Cathode Marking: HC Green™
Marking: HC3
SMV1233-001 SMV1233-004 SMV1233-074
Marking: VP1 Marking: VP3 Marking: VP3
SMV1233-079LF ¢ SMV1233-011LF SMV1233-001LF SMV1233-004LF SMV1233-074LF
Marking: Cathode Marking: DP Green™ Green™ Green™
Marking: DP1 Marking: DP3 Marking: DP3
SMV1234-001 SMV1234-004 SMV1234-073
Marking: VQ1 Marking: VQ3 Marking: VQ9
SMV1234-079LF 4 SMV1234-011LF SMV1234-001LF SMV1234-004LF SMV1234-073LF
Marking: Cathode Marking: DQ Green™ Green™ Green™
Marking: DQ1 Marking: DQ3 Marking: DQ9
SMV1235-001 SMV1235-004 SMV1235-074
Marking: VR1 Marking: VR3 Marking: VR3
SMV1235-079LF SMV1235-011LF SMV1235-001LF SMV1235-004LF SMV1235-074LF
Marking: Cathode Marking: DR Green™ Green™ Green™
Marking: DR1 Marking: DR3 Marking: DR3
SMV1236-001 SMV1236-004 SMV1236-074
Marking: AQ1 Marking: AQ3 Marking: AQ3
4 SMV1236-079LF SMV1236-011LF SMV1236-001LF SMV1236-004LF SMV1236-074LF
Marking: Cathode Marking: EQ Green™ Green™ Green™
Marking: EQ1 Marking: EQ3 Marking: EQ3
SMV1237-001
Marking: VT1
SMV1237-001LF
Green™
Marking: DT1
Ls=0.7nH Ls=1.5nH Ls=1.5nH Ls=1.5nH Ls=1.4nH Ls=1.4nH

The Pb-free symbol or “LF” in the part number denotes a lead-free, RoHS-compliant package unless otherwise noted as Green™. Tin/lead (Sn/Pb) packaging is not recommended

@ for new designs.

Innovation to Go™

Select Linear Products (indicated by ) now available for purchase online.

Skyworks Solutions, Inc. e Phone [781] 376-3000 e Fax [781] 376-3100 e sales@skyworksinc.com e www.skyworksinc.com

April 25,2011 o Skyworks Proprietary Information e Products and Product Information are Subject to Change Without Notice e 200058P




Electrical and Mechanical Specifications

The absolute maximum ratings of the SMV123x varactors are
provided in Table 2. Electrical specifications are provided in
Table 3. Typical capacitance values are listed in Table 4. Typical
performance characteristics of the SMV123x varactors are
illustrated in Figures 1 through 4.

The SPICE model for the SMV123x varactors is shown in Figure 5
and the associated model parameters are provided in Table 5.

Package dimensions are shown in Figures 6 to 12 (even
numbers), and tape and reel dimensions are provided in Figures 7
to 13 (odd numbers).

Table 2. SMV123x Absolute Maximum Ratings

DATA SHEET ¢ SMV123x VARACTORS

Package and Handling Information

Instructions on the shipping container label regarding exposure to
moisture after the container seal is broken must be followed.
Otherwise, problems related to moisture absorption may occur
when the part is subjected to high temperature during solder
assembly.

The SMV123x series of varactors are rated to Moisture Sensitivity
Level 1 (MSL1) at 260 °C. They can be used for lead or lead-free
soldering. For additional information, refer to the Skyworks
Application Note, Solder Reflow Information, document number
200164.

Care must be taken when attaching this product, whether it is
done manually or in a production solder reflow environment.
Production quantities of this product are shipped in a standard
tape and reel format.

Parameter Symbol Minimum Typical Maximum Units
Reverse voltage VR 15 '
Forward current 3 20 mA
Power dissipation Pois 250 mw
Operating temperature Top -55 +125 °C
Storage temperature Tste -55 +150 °C

Note:  Exposure to maximum rating conditions for extended periods may reduce device reliability. There is no damage to device with only one parameter set at the limit and all other

parameters set at or below their nominal value. Exceeding any of the limits listed here may result in permanent damage to the device.

CAUTION.: Although this device is designed to be as robust as possible, Electrostatic Discharge (ESD) can damage this device. This device
must be protected at all times from ESD. Static charges may easily produce potentials of several kilovolts on the human body
or equipment, which can discharge without detection. Industry-standard ESD precautions should be used at all times. The
SMV123x varactors are Class 1B Human Body Model (HBM) ESD devices.

Skyworks Solutions, Inc. e Phone [781] 376-3000 e Fax [781] 376-3100 ¢ sales@skyworksinc.com e www.skyworksinc.com

200058P e Skyworks Proprietary and Confidential information e Products and Product Information are Subject to Change Without Notice e April 25, 2011



DATA SHEET ¢ SMV123x VARACTORS

Table 3. SMV123x Electrical Specifications (Note 1)
(Topr = 25 °C, Unless Otherwise Noted)

cretv cre3v cr@6V cr@1y cr@1y Rs@3V,
Part (pF) (pF) (pF) cres3v cr@es6V 500 MHz
Number (Ratio) (Ratio) (€2)
Min. Max. Typ. Typ. Min. Max Min. Max. Typ.
SMV1231 1.43 1.72 0.97 0.61 15 1.8 25 2.8 2.90
SMV1232 2.34 2.86 1.50 0.94 15 1.9 2.6 3.3 1.50
SMV1233 3.00 3.60 1.80 1.10 15 1.9 2.6 33 1.20
SMV1234 5.85 7.15 3.60 2.00 1.6 2.0 2.8 3.4 0.80
SMV1235 10.35 12.65 6.40 3.60 1.6 2.0 2.9 34 0.60
SMV1236 15.50 18.50 9.20 5.30 1.6 2.0 3.0 35 0.50
SMV1237 45.00 54.00 26.90 14.40 1.6 2.0 3.0 35 0.40
Note 1: Performance is guaranteed only under the conditions listed in this Table.
Tested with -079 package.
Reverse voltage VR (IR = 10 pA) = 15 V minimum
Reverse current IR (VR = 12 V) = 20 nA maximum
Table 4. Capacitance vs Reverse Voltage
VR CT (pF)
W) SMV1231 SMV1232 SMV1233 SMV1234 SMV1235 SMV1236 SMV1237
0 2.35 415 5.08 9.63 18.22 26.75 71.82
0.5 1.87 3.22 3.95 7.53 1412 20.61 56.10
1.0 1.58 2.67 3.28 6.28 11.67 17.02 46.89
15 1.40 2.28 2.80 5.39 9.91 14.38 40.33
2.0 1.22 1.97 2.41 4.68 8.52 12.29 35.13
25 1.09 1.72 2.09 4.09 7.36 10.56 30.71
3.0 0.970 1.51 1.82 3.58 6.40 9.16 26.87
35 0.882 1.35 1.62 3.15 5.62 8.04 23.57
4.0 0.794 1.22 1.45 2.81 4.99 7.19 20.83
45 0.732 1.13 1.33 2.54 4.50 6.53 18.62
5.0 0.683 1.05 1.24 2.32 411 6.01 16.87
5.5 0.648 0.99 1.16 215 3.80 5.61 15.48
6.0 0.613 0.94 1.10 2.02 3.55 5.28 14.36
6.5 0.590 0.90 1.05 1.90 3.34 5.02 13.46
7.0 0.567 0.86 1.01 1.80 3.17 4.81 12.72
7.5 0.551 0.84 0.98 1.72 3.03 4.64 12.11
8.0 0.534 0.81 0.96 1.65 2.91 4.49 11.61
9.0 0.512 0.78 0.92 1.55 2.73 4.28 10.87
10.0 0.497 0.76 0.90 1.47 2.61 413 10.38
11.0 0.492 0.75 0.88 1.42 2.53 4.02 10.06
12.0 0.487 0.74 0.87 1.38 2.47 3.95 9.84
13.0 0.480 0.73 0.86 1.35 2.43 3.89 9.68
14.0 0.472 0.73 0.85 1.33 2.40 3.84 9.56
15.0 0.466 0.72 0.84 1.32 2.38 3.80 9.47
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Typical Performance Characteristics
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Figure 1. Capacitance vs Reverse Voltage Figure 2. Series Resistance vs Reverse Voltage @ 500 MHz
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PORT
P_anode
port=1
IND D
L= ﬁ DIODEM Fc=05
Diode_Model By=0
ls = 1.00e-14 lpy=1e-3
Rs=0 lsp =0
N=1 Np=2
RIFEE Tr=0 ke=0
R=Rs _ | CApP Cio=Cyo Ney=1
— G M=M law. =0
C=C V=V, Ngy =1
DIODE \ / Eg=1.11 Tevi =0
Varactor_Diode ~ \/_ Xn=3 Tnom =27
AREA = 1 KF =0 FFE = 1
MODEL = Diode_Model A =1
MODE = nonlinear
PORT
P_Cathode
port =2 81672
Figure 5. SPICE Model
Table 5. SPICE Model Parameters
Part Number CJo \'A] M cp Rs
(pF) V) (pF) ()
SMV1231 1.88 10.13 4.999 0.44 2.50
SMV1232 3.43 8.36 4.690 0.68 1.50
SMV1233 4.21 11.87 6.430 0.81 1.20
SMV1234 8.36 7.95 3.960 1.15 0.80
SMV1235 15.85 8.78 4.570 2.15 0.60
SMV1236 22.89 9.62 5.230 3.59 0.50
SMV1237 61.40 14.51 6.780 8.90 0.25

Values extracted from measured performance.
For package inductance (Ls), refer to Table 1.
For more details, refer to the Skyworks Application Note, Varactor SPICE Model for Approved RF VCO Applications, document number 200315.
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0.071 (1.80 mm) Min.
0.087 (2.20 mm) Max.

0.010 (0.25 mm) Min, —— =
. .Zo Mm) Min. —
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v |[E ] EH2
0.014 (0.35 mm) Ref. =1 =

I:_» < 0.026 (0.65 mm) Ref.

—]
0.051 (1.30 mm) Ref.
0.004 (0.10 mm) Min. 0.031 (0.80 mm) Min.
0.007 (0.18 mm) Max-l 0.039 (1.00 mm) Max.
- l< 1 =

0.000 (0.00 mm) Min. ]

0.004 (0.10 mm) Min.
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Dimensions are in inches (millimeters shown in parentheses) $1653

Figure 6. SC-70 Package Dimensions
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Notes:
1. Carrier tape: black conductive polystyrene bakeable
material at 125 °C.
2. Gover tape material: transparent conductive PSA.
3. Cover tape size: 5.40 mm width.
4. ESD surface resistivity is >1 x 104 and approx. <1 x 108
Ohms/square per ElA, JEDEC TNR Specification.
5. All measurements are in millimeters. $1685h
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Figure 7. SC-70 Tape and Reel Dimensions
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Box
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I: @ :I . 700mm) Min.
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|<— —_—
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(0.07 mm) Min. | | (0.70 mm) Max.
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10° Max.
Dimensions are in inches (millimeters shown in parentheses) 81652

Figure 8. SC-79 Package Dimensions
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Notes: 1
1. Carrier tape: black conductive polycarbonate. ] |
2. Cover tape: transparent conductive material. 0.73 +0.05
3. Cover tape size: 5.4 mm width. e
4. ESD surface resistivity is 21x 10° ~ < 1x 107 Ohms/square.
5. All measurements are in millimeters. A
6. Standard reel size is 7 inches. Standard reel quantity is 3000 pcs. $2188

Figure 9. SC-79 Tape and Reel Dimensions
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Figure 10. SOD-323 Package Dimensions
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Notes:

. Garrier tape: black conductive polycarbonate or polystyrene.

Cover tape: transparent conductive material.

. Cover tape size: 5.5 mm width.

. ESD surface resistivity is >1x 10° ~ < 1 x 10" Ohms/square.

10 sprocket hole pitch cumulative tolerance: +0.20 mm.

. Ao and Bo measured on plane 0.30 mm above bottom of the pocket.

. All measurements are in millimeters.

. Standard reel size is 7 inches. Standard reel quantity is 3000 pcs. 52061

CONSUAWN =

Figure 11. SOD-323 Tape and Reel Dimensions
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Figure 12. SOT-23 Package Dimensions
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Notes: — L—
Carrier tape: biack conductive polycarbonate. 1.22 +0.05

Cover tape: transparent conductive material.

Cover tape size: 5.5 mm width.

ESD surface resistivity is >1 x 10° ~ < 1 x 10" Ohms/square.

All measurements are in millimeters. A
Standard reel size is 7 inches. Standard reel quantity is 3000 pes.
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Figure 13. SOT-23 Tape and Reel Dimensions

Skyworks Solutions, Inc. e Phone [781] 376-3000 e Fax [781] 376-3100 e sales@skyworksinc.com e www.skyworksinc.com
10 April 25,2011 o Skyworks Proprietary Information e Products and Product Information are Subject to Change Without Notice  200058P



DATA SHEET ¢ SMV123x VARACTORS

Copyright © 2002-2007, 2009, 2010, 2011 Skyworks Solutions, Inc. All Rights Reserved.

Information in this document is provided in connection with Skyworks Solutions, Inc. (“Skyworks”) products or services. These materials, including the information contained herein, are provided by
Skyworks as a service to its customers and may be used for informational purposes only by the customer. Skyworks assumes no responsibility for errors or omissions in these materials or the
information contained herein. Skyworks may change its documentation, products, services, specifications or product descriptions at any time, without notice. Skyworks makes no commitment to
update the materials or information and shall have no responsibility whatsoever for conflicts, incompatibilities, or other difficulties arising from any future changes.

No license, whether express, implied, by estoppel or otherwise, is granted to any intellectual property rights by this document. Skyworks assumes no liability for any materials, products or
information provided hereunder, including the sale, distribution, reproduction or use of Skyworks products, information or materials, except as may be provided in Skyworks Terms and Conditions of
Sale.

THE MATERIALS, PRODUCTS AND INFORMATION ARE PROVIDED “AS IS” WITHOUT WARRANTY OF ANY KIND, WHETHER EXPRESS, IMPLIED, STATUTORY, OR OTHERWISE, INCLUDING FITNESS FOR A
PARTICULAR PURPOSE OR USE, MERCHANTABILITY, PERFORMANCE, QUALITY OR NON-INFRINGEMENT OF ANY INTELLECTUAL PROPERTY RIGHT; ALL SUCH WARRANTIES ARE HEREBY EXPRESSLY
DISCLAIMED. SKYWORKS DOES NOT WARRANT THE ACCURACY OR COMPLETENESS OF THE INFORMATION, TEXT, GRAPHICS OR OTHER ITEMS CONTAINED WITHIN THESE MATERIALS. SKYWORKS
SHALL NOT BE LIABLE FOR ANY DAMAGES, INCLUDING BUT NOT LIMITED TO ANY SPECIAL, INDIRECT, INCIDENTAL, STATUTORY, OR CONSEQUENTIAL DAMAGES, INCLUDING WITHOUT LIMITATION,
LOST REVENUES OR LOST PROFITS THAT MAY RESULT FROM THE USE OF THE MATERIALS OR INFORMATION, WHETHER OR NOT THE RECIPIENT OF MATERIALS HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGE.

Skyworks products are not intended for use in medical, lifesaving or life-sustaining applications, or other equipment in which the failure of the Skyworks products could lead to personal injury,
death, physical or environmental damage. Skyworks customers using or selling Skyworks products for use in such applications do so at their own risk and agree to fully indemnify Skyworks for any
damages resulting from such improper use or sale.

Customers are responsible for their products and applications using Skyworks products, which may deviate from published specifications as a result of design defects, errors, or operation of
products outside of published parameters or design specifications. Customers should include design and operating safeguards to minimize these and other risks. Skyworks assumes no liability for
applications assistance, customer product design, or damage to any equipment resulting from the use of Skyworks products outside of stated published specifications or parameters.

Skyworks, the Skyworks symbol, and “Breakthrough Simplicity” are trademarks or registered trademarks of Skyworks Solutions, Inc., in the United States and other countries. Third-party brands
and names are for identification purposes only, and are the property of their respective owners. Additional information, including relevant terms and conditions, posted at www.skyworksinc.com,
are incorporated by reference.

Skyworks Solutions, Inc. e Phone [781] 376-3000 e Fax [781] 376-3100 e sales@skyworksinc.com e www.skyworksinc.com
200058P e Skyworks Proprietary Information e Products and Product Information are Subject to Change Without Notice e April 25, 2011 1



Appendix

Appendix IV:

RF life time testing of RF MEMS switches
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Appendix

Switch On

Detector Voltage (V)

Stiction

i0° 100 102 108 10* 108 108 107 108 107
Cycles
RF lifetime testing at 10GHz for RADANT 8-MEMS swfit with 11 dBm of input power.

Stable contact resistance is seen over the liftheoswitch. Intermittent sticks start to appear

at approximately 500 million cycles [147].
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Hot switching testing of RFMD MEMS switch with OdBaxchieves 117 million cycles
before failed [160].
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