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ABSTRACT

The high cut-off frequency of deep sub-micron CMOS technolduss
enabled the integration of radio frequency (RF) transceivers vgttaldcircuits.
However, the challenging point is the integration of RF power diemgli mainly
due to the low breakdown voltage of CMOS transistors. Silicon-on-iesulat
(SOI) metal semiconductor field effect transistors (MES$§)EThave been
introduced to remedy the limited headroom concern in CMOS technalddies
MESFETSs presented in this thesis have been fabricated on diff@EMOS
processes without making any change to the standard fabristejos and offer
2-30 times higher breakdown voltage than the MOSFETSs on the same process.

This thesis explains the design steps of high efficiency andoandeRF
transmitters using the proposed SOI-CMOS compatible MESFETSs. tasis
involves DC and RF characterization of MESFET devices, alongpriiding a
compact Spice model for simulation purposes. This thesis preserdssilga of
several SOI-MESFET RF power amplifiers operating at 433, 900 and 1B@0 M
with ~40% bandwidth. Measurement results show a peak power addeeneffici
(PAE) of 55% and a peak output power of 22.5 dBm. The RF-PAs were designe
to operate in Class-AB mode to minimize the linearity degradation.

Class-AB power amplifiers lead to poor power added efficiency,
especially when fed with signals with high peak to average pmatier (PAPR)
such as wideband code division multiple access (W-CDMA). Polasrriters
have been introduced to improve the efficiency of RF-PAs at baufkgubwers.

A MESFET based envelope tracking (ET) polar transmitter wagross$ and
[



measured. A low drop-out voltage regulator (LDO) was used asstipply
modulator of this polar transmitter. MESFETs are depletion modecete
therefore, they can be configured in a source follower configurtdibave better
stability and higher bandwidth that MOSFET based LDOs. Measuteresults
show 350 MHz bandwidth while driving a 10 pF capacitive load.

A novel polar transmitter is introduced in this thesis to allevime of
the limitations associated with polar transmitters. The proposédtenture uses
the backgate terminal of a partially depleted transistor oh g@ress, which
relaxes the bandwidth and efficiency requirements of the envetopkfiar in a
polar transmitter. The measurement results of the proposed ttmsmi
demonstrate more than three times PAE improvement at 6-ddratkoutput

power, compared to the traditional RF transmitters.
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CHAPTER1
INTRODUCTION

Modern digital communication systems have rapidly expanded in
capability which has required significant advancements of bottaligMOS and
RF front-end performance. The expectations of more featuresxedded
battery lifetime has made bandwidth, power and system efficiemep more
critical. The standard platform for system integration attivelly low cost has
traditionally been silicon CMOS. The high cut-off frequenéy 6f deep sub-
micron CMOS technologies now makes it possible to integraterRFdigital
CMOS circuits. This has led to a trend of building single chip CMi@Ssceivers
[1], [2], [3]. Yet, the advancement and scaling of CMOS haslatsdo reduced
operating voltages which makes analog and RF design more difficultodue
limited voltage headroom. The nominal supply voltage and cut-off freguef
CMOS transistors for various technology nodes are shown in Figure 1 [4], [5].

The high cut-off frequency of deep sub-micron CMOS transistorsfite
both digital and analog/RF circuits. This trend has enabled thi#dRFends to
operate at several GHz. The reduction in supply voltage has alpedhto
minimize the power dissipation in digital circuitries. However ¢ln aggressive
signal-to-noise ratio, output power, dynamic range and lineagyirements of
modern communication standards, analog and RF circuits sufferahtdnsm
this supply reduction. The sticking point is the integration of front ftages,
specifically power amplifiers, since inductive elements used in theirrdiesd to

high voltage swings around the drain terminal.
1
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RF PAs are power hungry blocks that need to haladige voltage an
current swings on the output node to achieve aaetbsiansmitted power. Bas
upon the application, the output stage should lgalda of delivering a fixe
amount of maximum power. , we will see in the following sections, the sup
voltage of a technology limits either the outputveo, efficiency, or adds desi
complexities.

A very simplified form of a Cla-A RF amplifier is shown irFigure 2.
The operational behavior of the CI-A amplifier will be discussed more in det
in the subsequent sections of this thesis. Howelier basic output pow

calculation is shown her
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Figure 2. Class A RF power amplifier
The output power is shown in Equation 1 for a Class-A amplifier with a
ideal transistor. For a fixed supply voltay§p, reducingR. increases the output

power, Pour. As will be shown later, in practice there are some ltoia on

lowering theR_ value [6]. In this example it is assumed to hayed).

2
VDD

P, =7 Equation 1
oUT ™ 9 % R, g

Substituting the collected data shown in Figure 1 into Equation 1, the
maximum output power for different single device PA on CMOS tecigs,
for the case of a Class A output stage, was calculated and shéigurie 3. As it
can be seen, the maximufgyt for a standard 45nm CMOS technology is less
than 60-mW. This amount of power is much lower than what is requireddsr
handset device applications. For example, the GSM 900/1800 [7] standards

require aPoyr of 1-4 Watt. This is less of an issue for other higher voltage

3



technologies such as GaN, GaAs or LDMOS which can encompass @oges

of 1-10 Watt [8], [9], [10].
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Figure 3. Maximum output power of a Class-A amplifier versus gate length under
5 Ohm loadline condition.

As a result of the reduced output power capability for deep-sutmic
CMOS devices, high power and expensive discrete units like SiGE&ahs are
often employed. Nevertheless, many efforts have been made toye@idoS
transistors in PA modules [11], [12]. The main motivation is the bvi¢ation
cost of CMOS compared to all the other PA technologies. Moreoweosalall
the other transceiver circuit blocks can currently be designed and integrated on the
same CMOS chip. Thus, the CMOS power amplifier is the lastecige towards

a single chip transceiver solution.



Many techniques have been studied to overcome the headroom limitation
of CMOS transistors. One such solution is higher impedance draretion [13]
which is often used to reduce the voltage swing on the transistors.node
Unfortunately this adds additional losses to the matching networkAf&jther
option is the cascode architecture [14], [15]. The cascode allowa fogher
supply voltage since the voltage is divided between two or morasti@ss This
method can slightly increase output power. Some more specializedggs@dso
include bipolar transistors; however, these processes are typmwatth more
expensive than standard bulk CMOS processes [16]. A low cost solutiom ihic
possible on many of today’s processes is using thick gate ox@®RHATs [17].
These transistors can typically handle voltages that are 1.5e23 tangher than
standard MOSFETs. Parallel amplification is another apprdathuses a power
combiner that adds up output power from parallel PAs. This method requires
extra passive components, which results in larger die area and worsaeyficie

In summary, there are tricks and architectures that can entienoatput
power for a class-A amplifier, but each of them has their alnawbacks.
Designing high efficiency amplifiers, such as class—E, @@ enore challenging
since the voltage swing is 2-3.5 times larger than the supply vdli&geAll
these issues together, have led to a vital need for high breakdotageydbw
cost, RF transistors on CMOS processes.

The idea of a high voltage, silicon on insulator (SOI)-CMOS corlgati
MESFET was proposed and patented by T.J. Thormtioal. [19]. The patented

MESFET has some outstanding characteristics that make it one bést device
5



solutions towards fabrication of low cost, fully integrated trawecs. The main
advantage of MESFETs over MOSFETs is their enhanced breakdownevoltag
These MESFETs have supply voltage capabilities that are sdiwees higher
than the MOSFETs on the same processes. On certain technologasidovn
voltages that are 20-30 times higher than the MOSFETs have tigenea. This
greatly relaxes the design constraints on CMOS PAs and caificsigtly
increase the peak output power.

The remaining portion of this thesis will focus mainly on dentatisiy
the feasibility of high power, high speed and linear RF output stegjgn using
the proposed SOI-MESFET devices. This task would not be possitieutvi
having a good understanding of both RF power amplifier theory and SOI-
MESFET device operation. Hence, the first chapter is focusathderstanding
these two concepts.

1.1. SOI-MESFET Device Operation

Metal-semiconductor field-effect-transistors (MESFETS) lsamntegrated
on any SOI or SOS (Silicon on Sapphire) CMOS processes withetnhglthe
process or adding any additional fabrication steps [20], [21], [22], R8jer
reports [24], [25], [26] have considered silicon MESFETs on SOI, Sahalk
CMOS processes but in each case, none of them used a standardptdd€xs
flow.

A cross section view of the proposed SOI-MESFET is shown in &igur
Unlike most MOSFETs, MESFETSs are depletion mode devices. diteeglso a

majority carrier device. This means that a channel ekistareen drain and
6



source, even when the gate is floating. In order to reduce the alnaent and
eventually “pinch-it off” a negative gate bias voltage is ndette invert the
channel under the gate. Spacers regions are added betweenithandrgate,
Lap, and the source and gatezsLto avoid shorting the device terminals.
Depending on the channel thickness, the MESFET can operate wly arf
partially depleted transistor. MESFETs used in this work aréglly depleted
(PD), which means that the silicon channel below the gate isisuafly thick to
control the conduction of the device.

Like a CMOS transistor, the RF performance and current dapability
of a MESFET is highly dependent on the minimum gate length thatbea
achieved. The PD-MESFET drain current) (€quations are also fairly similar to
standard MOSFETSs. Current and parasitic capacitance cabtiglare discussed
in the modeling chapter. The rest of this section talks about s@lditferences
between the MOSFET and MESFET and the benefits of MESFETsrtain

applications such as PAs.

Source L.s  Gate L. Drain
o’ -

P-type substrate

Figure 4. Cross section view of a partially depleted MESFET structure.
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A cross sectional view of an N-channel MOSFET on a bulk CMOS
technology is shown in Figure 5. One of the dissimilarities betWESFETS
and MOSFETs is the gate contact. The MOSFET’s high impedgaiecoxide
layer does not exist in MESFETS. Instead a MESFET gdtensed by a metal-
silicide contact on a lightly doped silicon region. This introduces niugher
quiescent gate currentgfl in MESFETSs, which increases off-mode power
dissipation. However, it benefits the MESFET in terms of breakdowragelt
behavior. Oxide breakdown is one of the key CMOS breakdown mechamdms a

it continues to get worse as the oxide thicknggssdales with technology nodes.

Vox
Electric Field (E) = TS0 tox V= E 1T Equation 2
0x

V>0

Gate

Bulk Source V>0 Drain

W SiOp N\

\ 7’7“’L/C° i
CSB \C
DB

Channel

p-substrate

Figure 5. Cross section view of a standard N-channel MOSFET.

The drain to source electric field is another source of breakdown in
MOSFETS. The Lksand Lyp regions added in the MESFET structure, increase the
distance between drain to source and thus lower the electricafi¢tds critical
junction. Therefore, the spacers can also be used to improve the breakdown

voltage. This is a similar concept to that used in LDMOS.
8



The MESFET breakdown is thought to be caused mostly by avalanche
ionization and tunneling mechanisms. As the MESFET approaches soft
breakdown, which is reversible, the surface electric field casorbe large
enough to lower the barrier height at the gate and allow ehecto tunnel into
the channel from the gate metal. Consequently this leads to an ekpbne
increase in drain-to-gate current. If the drain voltage is éurthcreased and/or
the gate becomes more negatively biased, the electric fieldogebme even
larger and avalanche ionization will begin to occur. Eventuallywilidead to a
non-reversible hard breakdown for the MESFET [27].

The cost of enlarging the spacer regions includes added parasitic
resistance for the MESFET and additional die area needed toelaevices out.
Source resistance degrades both DC gain and RF performance.h&€haissta
tradeoff between enhancing the breakdown voltage and RF performance.
Although the RF performance degrades as Wicreases, the overall MESFET
performance has evident advantages over MOSFETSs for up to 5GHzsikyh de
applications. Measured characteristics of fabricated MESFEd discussed in
Chapter Il of this thesis. The following subsection is an overaeiow device
parameters can affect the PA performance.

1.2. RF Power Amplifier Theory and Figure of Merit

RF power amplifier design methodology is somewhat different ané mor
challenging than low power or low noise amplifiers. Specifgufes of merit
(FoMs) have been defined for characterization and comparison purppseef

amplifiers. Among them power added efficiency (PAE), drain efficy (DE), 1-
9



dB compression point, harmonic suppression, bandwidth, gain, AM/AM and
AM/PM characteristics, are the most widely used. In the seation, the FoMs
and different classes of operations will be presented.
1.2.1. Figures of Merit

A large portion of the total energy consumed in any radio traresnistt
devoted to the output stages. Therefore, the efficiency is a tfdic@r when
evaluating different PAs. It characterizes the effectivenéshe DC-to-RF power
conversion of an amplifier. It is also a measure of dissipatecpa®s/ heat in
percent. Low efficiency can be seen in high electricity cost,Hdattery life and
heating effects. Heating can significantly compromise thahiéty and lifetime
of the whole transmitter; hence, in some cases, special coolsignsy are
required [28].

Figure 6 shows a general block diagram of a power amplifier. atfeeaf
the fundamental RF power delivered to the Id&d, (P,p4p) to the DC power
handled from the My, supply voltage(Py.) is called drain efficiency (DE) and is

calculated in Equation 3.
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Figure 6: Power Amplifier block diagram

_Proap  Proap

DE =
Pp¢ Ipc X Vpp

Equation 3

Transistor power gain {&rG) is finite and drops as frequency increases.
Therefore a more inclusive definition for power efficiency shousd aiclude the
effect of input power P;y). Power added efficiency (PAE) is defined in Equation

4 [28].

PAE =

Proap —Pin ~ Proap —Pin ~ Proap ( 1)

— — 1-—=
Pp¢ Ipc X Vpp Ipc X Vpp G

Equation 4
1
-0s(1-3)

Transistor gain is highly dependent on bias conditions, and it drops
quickly at higher output powers. This behavior contributes to the mainopart
nonlinearities. Power amplifiers directly affect the sign&tgrity. Therefore, the
RF PA nonlinearity should be low enough in order to satisfy the mibolula

scheme specifications. Figure 7 shows the generic nonlinear bebbagrower

11



amplifier. The 1-dB compression point is noted on the plot. It ime@fas the
point where the gain drops by 1 dB compared to the small signal gain [28].

4 Gain (dB)

_B.\_ $108

1dB compression

point \‘

Figure 7. Power Gain vs Output Power

Pour

Communication standards put some requirements on both the in-band
signal quality and out of band harmonic emission of the transniRkedignal.
Second and third harmonic suppression characterizes nonlinearities aafl out
band emission behavior of a power amplifier. Harmonic suppressionnedafs
the ratio of power delivered to load at the second or third harmortie tanount
of power located at the fundamental frequency, while applyingh@lesitone
sinewave to the PA’s input. Figure 8 shows an example of a PA opitiem.

Second and third harmonic suppression levels are also marked on the plot [28].

12
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Figure 8. An example of power amplifier output spectrum

Inter-modulation distortion is another consequence of the PA nonlinearity.
In many applications, the modulated signal has a wide bandwidth and PA
nonlinearity introduces new distortion products which fall inside tha&asig
bandwidth. A conventional approach for in-band distortion characterizatian i
two-tone test. If two sinusoidal signals, with frequencies equ#él and §, are
injected at the input of a nonlinear amplifier, the output signal cengalditional
frequency components called inter-modulation products.

Figure 9 shows the generation of third-order inter-modulation products
[29], [30]. Besides the input signal harmonics, the amplifier gée®raew
frequencies located af,-mf; where m and n are integers. Among these products,
2f,-f1 and2f;-f,, third order inter-modulation products, are the most criticaheg t
may fall within the channel bandwidth and interfere with the desiigraal [29],
[30]. The inter-modulation distortion to carrier signal power ratiaussially

measured and used to characterize the PA nonlinearity.
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Figure 9. Third Order Inter-modulation products

A great deal of effort has been employed to design high exffigi power
amplifiers satisfying the required linearity on the trantmitside. Different
classes of operation and more advanced transmitter architduéwes been
developed [28].
1.2.2. RF Power Amplifier Classes of Operation
1.2.2.1. Linear Power Amplifiers

Depending on biasing and matching network conditions, the RF PA can
operate at different classes. Each class of operation hasntsradeoff between
linearity and efficiency. Among all the different classess®lA is known as the
simplest and most linear PA, but the least efficient class of operation.

Figure 10 shows the schematic of a class-A amplifierid the transistor

guiescent current.
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Figure 10. Class A amplifier

The main assumption in a class-A design is that the bias kneelshosen
so that the transistor operates in the linear region and has 360 comaungjles
[32]. This condition implies that the transistor passes the em#iveform at the
input. In theory, class A does not add any distortion to the signaih Ipnactice
the amplifier gain is a function of input power. So large sigmahg at the gate
causes gain variation which is a source of distortion.

The matching network between the FET drain and load has an ihheren
filtering effect which improves the out of band harmonics suppressiaisadt
transforms the load impedance; 50 Ohm is used in most of the casi® t
desired impedance seen from the drain at the fundamental foggudaximum

output power (Pout) of a class-A amplifier is derived in Equation 5.
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2
VDD

—_ Equation 5

Pyax =

This shows that the maximum output power depends on supply voltage
and the impedance presented to the transistor by the matchingriketw
Theoretically, the peak class-A efficiency is 50%, when teddrrent (bc) is
equal to the RF signal amplituded). Equation 6 shows class-A drain efficiency

under the above conditions [28].

Pout _ I}%F(Ropt/z) _ IRF(Ropt/Z) Max IrrRopt

= DE = 50% Equation 6
PDC IRFVDD VDD

DE =

Based on the above formula, to improve the efficiency, the DCntures
to be decreased. One method is to decrease the conduction angleva¥efeam
which ultimately distorts the output signal. Deviating from a 360 akegr
conduction angle changes the class of operation from class Asw Al B, C,
with better efficiency. Figure 11 shows different classes ofabjper depending
on quiescent current). Vgs is DC voltage across the transistor gate. Also their
efficiency versus conduction angle is plotted in Figure 12. Glaggves the

highest efficiency at the cost of significant nonlinearity [28], [30], [BBY].
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Figure 12. PA efficiency vs class of operation [28].
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All the above calculations were done based on the fact that the RF
transistor is ideal. However, in practigg=to, Vknee=0, G=o and maximum By
do not happen. An example of a class-A PA design using a non-idesistor

explained here shows how efficiency and linearity degrades basedr aevice

choice.
IDrain (A)
A

I Vas max J

Imax |— — \ |
N
I /
' I
| N\

V‘&\M'N I -
VKNEE Vep Vbs (V)

Figure 13. Transistor Family of Curves

An example of a more realistic transistor family of curflégdC) is shown
in Figure 13. The drain voltage swing is limited tgpMrom the top and Mee
from the bottom. For example, ifiMee=0.5V the peak to peak voltage swing is
reduced to 2.5V instead of 3V for the ideal case. Drain efficienciedses as the

knee voltage increases. In this example it drops by 9%:

- Thi l .
DE = Vpp=Vikngr TS EXAMPIE ) p 41% Equation 7

Vbpp
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Another consideration is transistor gain at GHz frequencies. Fibire
shows an example of the maximum available power gain for agt@nsersus
frequency. For this example, the maximum power gain at 1GHzusresl to be
10 dB. Putting this number in the PAE equation (4), the peak PAE ctAlas
this example drops to 37%, comparing to the 50% of an ideal transistor.

1 .
PAE = DE X (1 _E> =41 X (1 _ 01) = 37% Equatlon 8

MAG (dB)

30 }-

10 \‘\

. n Erequency

10 100 1000 (MHz)

Figure 14. Transistor power gain versus frequency.

Maximum available frequencyiuax, is the point where the gain plot
crosses the x-axis, corresponding to MAG=0 dB. Typically, to achi®dB of
power gain, a device with 5-10X highéyax than the desired operational
frequency is needed. Measurement results in Chapter Il showmdtsatof the
fabricated MESFETs havefgax greater than 10GHz, which is enough for a 2.5

GHz PA application.
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Another practical design consideration is the peak output power. Based on
Equation 5, for a fixed M, the peak Byt would increase by reducingpR-. The
ratio of Ropr over R is defined as the impedance transformation ratio, r. If the
supply voltage reduces by a factor of two, then r should incrégsadactor of
four to achieve the same power. High r values though increashimg network
sensitivity, loss and reduce the PA bandwidth [30], [31], [32].

Impedance transformation can be done using different topologies. A few
of the most commonly used transformers on CMOS technology, L-matched, T
matched andr-matched networks, are shown in Figure 15. The following
calculations are based on an L-network, which has the minimum nuohber

passive components.

o o
| |

T-match L-match TT-match

Figure 15. Different impedance transformers using lumped components.
A detailed analysis of the transformer is discussed in [31],spht@-130.

There, the quality factor, Q, of the matching network is defined as:

Q=+vr—1 Equation 9
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Knowing Q and the quality factor of inductorsn& the efficiency and

bandwidth of the transformer can be calculated, wherefghes the center

frequency:
BW = % Equation 10
. . 1
EfflClenCYTransformer = —Q Equation 11
1+
QIND

Figure 16 shows the efficiency of the matching network verstsrelift
inductor quality factors and impedance transformation ratios. Adlygicvalue
number for a high quality, on-chip inductor on a CMOS process is arouhf.10
Therefore, the matching network of a 1W single transistor éaB8-on a 45nm
CMOS technology has less than 60% efficiency, which is due tohidje
impedance transformation ratio and low quality inductors on CMOS meses
The previous examples in this Chapter show that peak class-A BAS&idering
gain and kneevoltage non-idealities, is around 37%. Based on Figurhidl6, t

value is much lower, 19-22 % after the matching network.
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Figure 16. Matching network efficiency versus impedance transformatiorfaat
different inductor quality factors.

1.2.2.2. High Efficiency Power Amplifiers

All the above calculations show that a practical class Aieffcy can be
much lower than the 50% calculated in Equation 6. There is a traoetwieen
efficiency and linearity. When the linearity constraintsssmmewhat relaxed, it is
definitely better to aim for higher efficiency. Figure 12 shdwesv efficiency
improves based on bias conditions. Another approach to achieve high efficiency is
through a proper matching network design. Class'Fare the examples of very
energy efficient amplifiers which are designed based on wavedoigimeering
and harmonic tuning at the load. An example of inverse class-F circuit is shown in

Figure 17.
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Figure 17. Inverse Class F Amplifier

The series LC resonators at the drain act as short citaiidaharmonics
of the center frequencyu). For infinite number of resonators, the drain voltage
waveform consequently appears ideally as a (half) sinusoid anduthentc
waveform as a square wave [30], [31], [32]. Example of a voltagecarrent
waveform at the drain/collector of an ideal inverse classaplifier is shown in
Figure 18. 100% efficiency is ideally achievable. In practice, tdugansistor
parasitics, the finite quality factor of matching componentsthadinite number
of resonators this value degrades more than 15%. The factor alwddemn the

device technology and fabrication process and materials used.
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Figure 18. Class F drain waveforms

Switching amplifiers are another example of high efficienapldiers.
Linear amplifiers like class A, AB, B or C are designed basedhe transistor
transconductance which is acting as voltage dependent current sSunoe.a
pseudo class-E amplifier is designed in this work, the theory behimadlass of
operation is described in more detail in ensuing sections.

Unlike these classes, in switched mode PAs, the transistorretiogeas a
switch having two states; ON or OFF. In theory they can achievest 100%
efficiency by satisfying the following condition; when the tiates is turned ON,
the voltage across the switch is almost zero, and high curréawiag through
the device [30], [31], [32]. In other words, the transistor acts lasv resistance
(closed switch) during this first part of the period. When thadistor is turned
OFF, current through the switch is zero, and a high voltage isedpgtiross the

device, i.e. the transistor acts as a high resistance (opern)ksditring the other
24



part of period. For this reason, SMPAs such as classes D, Entaeently
nonlinear but highly efficient. All these classes ideally achi@08% power

efficiency with nonzero output power [30], [31], [32].

— VDRAIN

— 7 IpraiN
/ —
/ e
0 t

| —— C, Rioap

RFcHoke

\ i

Figure 19. Class E amplifier with lumped elements matching network

The simplest form of class E topology is sketched in Figure2B). The
RF choke provides a DC path to the supply voltage and has verynipgidance
at high frequency. High efficiency is achievable under zero welg®gitching
(2VS) condition. Figure 20 shows a simplified class E. The tramssteplaced
with a switch and the inductor is split into two inductorgdnd L. (LyC)

resonates at desired center frequency [28].
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Figure 20. Simplified class E amplifier

Referring to the “RF power amplifier” book [31], section 5.6.4, batig

the ZVS condition results in the following formulas for the inductor and

capacitors.

C, = 8 _ 01836 Equation 12
Y7 n(n? +4)wR T wR a

n? —4

L, = Equation 13

722 + 4wy .
& 8 .

P =—-——— Equation 14

=R+ 4 a

Class E operation is not guaranteed for the whole frequency range T

is a maximum frequencyq(,y) of operation which is:

o

finax = 0.05066 7 C

Equation 15

As Equation 8 shows, the class E output powej (fpends on load
resistance R. Lower resistance gives higher output power. Oathiee hand,

efficiency goes down as the resistance decreases. Béisedemalysis which is
26



only valid for class E operation, higher impedance transformation resultghier hi
loss in the matching network.

Figure 21 plots the relation between class E efficiency and load resistance

Efﬁcien‘py(%)

100 T

50 T

v T T T T T T I
0 10 20 30 40 50 60 70 R(Q)

Figure 21. Class E efficiency vs load resistance [28].

As it was discussed class E, F and inverse F improves the fliesney,
however in many applications the average power is much lessthieapeak
output power. There are more advanced transmitter architecturasasymlar
transmitter and Doherty amplifiers that improve the averafieiezfcy. Few of
these methods will be overviewed in the last chapter ofhiesis. A novel high
efficiency transmitter based on MESFET characteristids also be proposed
[28].

1.3.  Summary and Discussion
Problems associated with RF power amplifier design on deep swalomicr

CMOS technologies were discussed and SOI-MESFET was presetad a
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alternative cheap solution. The SOI-MESFET device structure, lrhand its
advantages and disadvantages comparing MOSFET devices on thpreasss
were compared. The effect of device non-idealities on the PArpahce, like
PAE, gain and &t were then overviewed.

The following chapters will talk about measured charactesigifcSOI-
MESFET devices and how they impact power amplifier design usisy t
technology. To demonstrate the idea of MESFET PA, a few RF ostpgées
have been fabricated and measured. Their results will be presersigosequent
chapters. A fast and low cost approach to design these circudsstart with
simulations. Therefore, a compact large signal model was devdmpeeasured

devices.
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CHAPTER2
CHARACTERIZATION AND MODELING

Circuit design, and more specifically RF circuit design, would bt
possible without knowing accurate characteristics of active asdiye devices
over a wide range of frequencies. Moreover, having a compact congdésr
design (CAD) model reduces the design cost and time to markeactheacy of
the model is dependent on the precision of the measurements and hiiitgapa
capture non-idealities. Thus to have a solid design based on simslatien
MESFETSs need to be well characterized in advance. DC and RFteneation
of SOI-MESFETSs are discussed in this chapter. A scalable corgrge signal
model is also developed for our fabricated devices.

The MESFETs have been fabricated at different SOI-CMOBnt#ogy
nodes and foundries. Two of the earlier MESFET demonstrations mads use
partially depleted (PD) SOI technologies at the 600 nm [22] anch85CMOS
technology nodes [20], [27]. In this chapter recently taken data frodm P
MESFETs fabricated on 150 nm and 45nm SOl CMOS processes will be
presented. These devices represent the most aggressively andlehighest
performing Si-MESFETSs to date with gate lengths as shdrfb@sym. Where it is
applicable, the results are compared to those from devices tabrigsing the
earlier 350 nm process. This comparison between different founghoesdes
insight into the MESFETSs performance improvement from one technolodg

to the next.
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2.1. DC Characterization

The SOl MESFETs are depletion mode devices, thus they have negative
threshold voltage. An example of a MESFET drain and gate curresusvgate
voltage at a fixed drain voltage for four different deviceshiswn in the Gummel

plot in Figure 22.
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Figure 22. Gummel plots fordg=150, 200, 300 and 400 nm on a 150 nm SOI
CMOS technology.

From Figure 22 it is evident that the aggressively sized gagghs on the
150 nm process can be affected by short channel effects (B@Egyate length at
which SCE ceases to be an issue becomes clearer in FigutaBextracts the

threshold voltagey;, for various MESFETs. From the figure we conclude that
gate lengthd 4 > 400 nm are required to avoid SCE altogether in the 150 nm

technology, whild.g > 600 nm is required for the 350 nm process. Presumably,
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the SOI channel in the 150 nm technology is thinner and more heavily thared
in the older 350 nm technology which allows the MESFETs to be scaled t
shorter gate lengths before SCE become significant. This olisarisaconsistent
with the threshold voltage model developed by Chiangl. for short-channel

SOI MESFETSs [33], [27].

0.0
§ 150 nm SOl CMOS Process !
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g
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>
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Gate Length (um)

Figure 23. Threshold voltage extracted for each of the devices fabricated on
150nm and 350nm technologies.

MESFETs have a much higher breakdown voltage compared to the
MOSFETSs on a same process. The breakdown measurement apprakichtiise
work is based on the drain-current injection technique [34]. The biasetgc of
1 mA/mm was used as the constant current source forced into the dra
Breakdown voltage measurements for the MESFETs on 45nm and 150nm SOI

CMOS technologies are shown in Figure 24.
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Figure 24. The breakdown voltage of MESFETSs (a) on a 150nm SOl process. (b)

on a 45nm SOI process. Dashed line shows the trend and the red cross shows to
the peak measured breakdown voltage.
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To date the peak measured breakdown on the 150 nm process was ~12 V
and ~28 V on a 45nm process. These are considerably lower than ~55 V [22]
achieved on the 350 nm process. The reason for the significant drogdyigHie
results of several different factors. Among them are channel gloplrannel
thickness, and various implants introduced on deep submicron processesythat ma
not have been blocked during layout, but are not seen on the 350 nm process.
Overall, MESFETs have shown 2-30X highejpp\than standard MOSFETSs. As a
reference, the maximum steady-state operating voltages aftahdard CMOS
devices is 0.9V, 1.95V, and 3.5 V for the 45 nm, 150 nm and 350 nm processes
respectively. ¥p improvement is not free of charge, and we will see in the
subsequent chapters how it affects the RF performance of the ptopose
MESFETSs.

Lg = 200nm LaS = 1000nm LaD = 1000nm
0.08

0.07
0.06 | Vg=-0.51t00.5Vin0.25V Steps |
0.05 -
0.04 -~ -

0.03 - -
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0.02 - -

0.01 .

0 I I I
0 5 10 15 20

Drain Voltage (V)

Figure 25. The family of curves for an enhancegd MIESFETSs with lg= 200nm,
Las= Lap =1 pum. The gate voltage is stepped from +0.5V (uppermost curve) to -
0.5V in 0.25V steps.
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To visualize the explained breakdown voltage improvement, FOCs, for a
high Vsp MESFET on a 45nm technology, are plotted in Figure 25.
2.2. RF Characterization

RF characterization was performed by on-wafer probing usingtselec
devices with ground-signal-ground (GSG) pad configurations. Also included on
the die was an accompanying set of open- and short-circugttastures to de-
embed the devices and remove the parasitics of the GSG pads. érfeasisr
were taken using Agilent 8510C vector network analyzers. From the de-
embedded S-parameters, WinCal [35] was used to extract tlodf drgguency,
fr, of the MESFETs which was defined as the point where current |gaiff,

equaled 0 dB [27].
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Figure 26. Shows the exponential scaling of the peak cut-off frequencies for
MESFETs manufactured using different SOl CMOS processes.
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Similar to a MOSFET, the cut-off frequency depends on gatgth. The
fr trend is shown in Figure 26. This graph shows the measureddeakarious
gate lengths on different SOl CMOS technologies. Cut-off frequisna function

of device transconductance and gate capacitance:

1 gm .
=~ Equation 16
fr 27 Cs q

Cgs decreases as gate length shrinks and at the sameptimgpipves as
well. However, lLs and L,p can also significantly affect the MESFET
transconductance. From a circuit perspectivg, dnd L,p appear as parasitic
resistances in series with the channel of the MESFET [36], &]rce resistance
degenerates the device transconductance and results in lgw&hig directly
affects thefr performance of a MESFET. Figure 27 shows the measusehdR
the peakfr versus access length for MESFETs with the same gate length. A

expectedfr reduces by increasingd.

30 15
— —@— T —ll—RSs
N
I
) 25 112
" m
- 20 Y
() 15 I~
2 2
- 8
S ]
— 5 3
>
O

0 0

0 500 1000 1500 2000

LaS=LaD (nm)

Figure 27. The peak cut-off frequency anglaR a function of Aisfor MESFETSs
fabricated on a 45nm SOI CMOS technology.
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Cut-off frequency is a widely used term in the literatureefmaluating RF
performance of a technology. However, maximum available gain (MeRGhax
are more critical parameters for RF power amplifier desggrnehe breakdown
voltage also plays an important role. As shown in Figure 24,dépends mainly
on Lyp for a fixed Lg, and it improves by enlarging the drain spacep. The
effect of Lop and other parasitics on MESFET RF and breakdown voltage
performance is presented below:

fuax is a function of cut-off frequency but it also depends on the gate to

drain capacitance and gate resistance as well [31]:

1 .
fuax = _Jr L 9m Equation 17

Based on Equation 17yax depends on g Rg, Cop and Gs Rs also
appears in the MESFET source and reduces the overall transcondubtanc
degenerating the intrinsighgHence, it is important to calculate these parasitics
for different MESFET geometries.cRRp and R can be considered extrinsic
components; therefore they do not depend on the biasing conditions. A well-
known method called cold-FET extraction [37] is used in this wonkhéasure
these extrinsic resistances. Measured resistances versios Larious fabricated
MESFETSs are shown in Figure 28s Bnd R; do not change with J5 for a fixed

L.sand Lg, therefore the MESFETT andfyax remain constant.
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Figure 28. Measured extrinsic resistances vergg®L MESFETs with =400
nm and l,s=300nm on a 150 nm process.

Intrinsic capacitances also affect the MESHgdx. Figure 29 shows that
Lap does not change &g, while Gss and @, scale proportionally with lp.
Overall, increasing {p does not degrade the MESFET RF performance and
benefits it in the form of higher breakdown voltage. It should be mentitraed
there is a limit on the a6 improvement by just changing,d-as it is shown in
Figure 24.a. Furthermore, increasing increases the overall layout area which

can be significant in a high current device.
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Figure 29. MESFETS intrinsic capacitances apd@rsus kp for MESFETSs with
Ls=400 nm and Ls=300 nm on a 150nm process.

The above discussion underlines the importance of appropriately sizing
Las and Lyp for specific applications. Measured MAG for different MESFES's
plotted in Figure 30. All the measured devices have more than 15dBbéva
gain for frequencies less than 2.5 GHz, which is an adequate amayeihdbr
most RF PA applications. The peak measufiggdi on the 45nm process is

~35GHz for MESFET with E=Las=Lap=200nm.
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Figure 30. Measured MAG versus frequency for different MESFETs on a 45nm
SOI CMOS process.

The measured cut-off frequency ahgdyx for a few selected devices on
45nm and 150nm processes is plotted in Figure 31 as a functionroicdresnt.
The results from the 150nm MESFETs show the impactzofi’nax as the gate
lengths is scaled. It can also be explained usinfith@pproximation in Equation
17. Values for R have been extracted for each device using the cold-FET
technique and are shown in the inset to Figure 31. A power lahofitssthat R
varies proportionally with 1/¢ as indicated by the solid line in the inset. For the
300 nm gate length device the peRky is ~30% higher than the pedk
However, as Rincreases with decreasing this trend is reversed, with the peak

fmax Of the 150 nm device being 30% lower than the feak
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Figure 31. shows the cut-off frequencies &y versus drain current for selected
devices (s) on the 150 nm SOl CMOS process (b) on the 45nm SOI CMOS.
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2.3. TOM3 Modeling

Simulation is an essential part of circuit design as it lyreatiuces the
design time and considers non-idealities of a device or technologyiceD
behavior and non-idealities should be accurately captured and edfiactevice
models for circuit simulation. Various compact models have beenapedkfor
different fabricated MESFETs. The modeling process and appredtie isame
for all our devices. The following describes the compact model deacklimp one
of the SOl MESFETSs fabricated on a 45nm SOl CMOS process.

Silicon MESFETs were fabricated at a commercial 45nm semictmduc
foundry with Las = Lgp = 100nm, lg = 184nm and gate widthyL= 300um.
Initially, twenty different devices were measured using a Dibéistation and an
average device was chosen to fit a model to. This device showed thaveiage
gate, drain and source currents compared to all measured reshdsTriQuint
Own Model, TOM3 [38], was chosen to model the results because ah i
extension of the Curtice-Statz [39] model and most importants/ah@ontinuous
expression for drain current across sub threshold, linear and satuegfions of
device operation. Additionally, the model is widely available fdied#nt circuit
simulators including Agilent ADS and Cadence. Figure 32 shows tlaitcir

schematic of the complete TOM3 model [40].
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Figure 32. TOM3 model circuit schematic [38].
As the first step, extrinsic components, such as R, and R, are
extracted using cold-FET techniques explained in [37]. Measurednstr

resistances versus frequency are shown in Figure 33.
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Figure 33. Measured extrinsipRRs and R; versus frequency.
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2.3.1. DC Model Characterization

First, the model was developed to describe the device operatirg and
then charge parameters were determined for RF as desanilibd subsection
below. Initially, family of curves measurements were usdid tbe model to the
drain current of the MESFET, which is described in the TOM3 magighteons

as
g = Bx (Ve )* x fix L+ AV,) Equation 18
wherep is the transconductancegV6 a scaled nonlinear voltage as a function of

region of operation, Q is the power generalizing the square-lavneldtes the
saturation parameterapproximately as
f, ~tanHaVds Equation 19
where \js is the drain to source voltage ahds the channel length modulation
parameter. ¥ can initially be thought of as the gate voltage in a simpleue-
law, but is in fact determined nonlinearly in the model as a functianternal
gate diode voltage, threshold voltage and drain voltage. Figure 34 shews t
model fit (open circles) to measured data (solid line) for thedated MESFET
with Vgs to 4.5V and Vs from -0.5 to 0.5V. It is important to note that the
nominal MOSFET device operating voltage is less than 1V for this process.
The transconductance in units of mS/mm as a function of gate vdtpgsted

in Figure 35 from low (0.1V) to high (4V) drain biases [40].

44



Vg = -0.5 to 0.5 in 0.25V Steps
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Figure 34. Measured (solid line) and simulated (open circles) resuttsefor
silicon MESFETSs fabricated on the 45nm SOI process. The line at 1V represents

the approximate maximum operating voltage of MOSFETs on the same process
[40].
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Figure 35. Measured (solid) and modeled (open circles) transconductance.

45



In order to get a good agreement to the measured data acragss dra
voltages, the solution tq@ fust be precise. Using measured datagfpmie can
solve Equation 18 forf(Figure 36) to get an empirical fit for. This enables a

smooth and correct transition from linear to saturation region in the model [40].

1.5

Vg=0.5V

2 3 4
Drain Voltage (V)

Figure 36. Model fit of the saturation current scalipfcircles) compared to
extracted  from measured drain current (solid line) [40].

After matching the drain current, the next step is to modeldateayrrent,
leakage and breakdown of the MESFET which is represented by internal diodes in
the TOM3 model (Figure 32 D1-D4). The MESFET gate is a Schdttde and
under forward bias can be determined by the saturation currend Igl@ality
factor N. Additional diodes depict the leakage current under revsese
However, other effects such as edge effects, device doping and DéBhoa
completely captured by the model and there is a slight differengate current
between measured and modeled results. Our current reseaudesadditional

methods to capture these effects. Figure 37 shows the measuredadelddn
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Gummel plots of the MESFET which depict both absolute gate and dnaent
The model fits across a wide drain bias range which is drifarareliable

simulations [40].
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Figure 37. Gummel plots depicting drain and gate current of the MESFET across
a wide drain bias range of 4V and 0.1V. Measured results are solid lines and
modeled open circles. Additional drain voltages have been omitted for clarity but
show a good fit to measured data from Vd = 0 to 4V [40].
2.3.2. RF Modeling

In order to use the model for microwave simulations, charge ptaeme
must be determined to describe the parasitic capacitanchs MESFET Cgs,
Cgd and Cds (Figure 32). S Parameter measurements from 10@VHGHz
were performed on an RF probe station on GSG MESFET structunessald for

the DC model extraction. The total gate charge in the TOM3 muatelbe

described as
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Qoo = Qo x T+ Qs x @-T) Equation 20
where Qs is the total charge on the gate; Qs the low power region function,
QcH Is the high power region function and T describes the transitionebatw
regions as

T =expEQuep x| 4s XVys) Equation 21
with Qseg as a transition coefficient [40]. In order to get the modelgieea
across different power levels, Equation 20 is simultaneouslytfietoneasured S
parameters across different gate and drain bias levels. B§wkows measured
and simulated S Parameters for a drain bias of 2V and gaeb25V. The
maximum available gain (MAG) and H21 were calculated for botasored and

simulated data and are shown in Figure 39.

0.00 <

o O[O O O O ol 0O ® O O
S11
-10.0¢

O O O0Ol0OO0 0o Ooloo oo o

-20.0! 019 © OO et
: S12

-30.0¢

S11 and S12 (dB)

-40.0¢t

-50.0
0.0 50 10 15 20 25 30 35 40

Frequency (GHz)

48



15

o) 10
S
N 5
0p]
= o R
('c\lG _ Y %0000 o Oo0o0o0 0008 agq..g
N -5
9 S22

-10 ‘ | |

0.0 10 20 30 40

Frequency (GH2z)

Figure 38. Measured (solid line) and modeled (Open red symbols line) S
Parameters at Vd=2V and Vg=0.25V.
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Figure 39. Measured and simulated H21 and MAG at the same bias conditions.
2.3.3. Test Power Amplifier

In order to validate the large signal behavior of our modektaCiass AB
power amplifier operating at the ISM band of 433MHz was desigiedjlated

and then fabricated on an FR4 PCB board. A MESFET device wit2.Zmm
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was packaged and bonded to a Kyocera A309 package utilizing multiple
bondwires to reduce parasitic inductances. The MESFET was choskatso t
would be optimally matched to & and simplify matching networks for the
demonstration. Figure 40 shows the schematic of the PCB board. The powe
amplifier was tested with a network analyzer that was useslpply varying
input power at 433MHz and a power meter to measure the output poweae Fig
41 shows the simulated model compared to measured amplifier riesukisy
parameters such as output power, gain, drain efficiency (DE) and paded

efficiency (PAE) [40].
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Figure 40. Class AB, 433MHz, RF Power amplifier schematic
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Figure 41. Measured (symbols) and simulated (solid line) of gain, output power,
power added efficiency (PAE) and drain efficiency (DE).

2.4. Summary

Various MESFETs fabricated on different SOI-CMOS processag we
measured. DC and RF characteristics of these devicessthvan in this chapter.
The first chapter discussed the need for high breakdown voltage devices
CMOS technologies for power amplifier applications. 2-30X breakdowtagel
enhancement were achieved using MESFETs comparing to MOSFETs on the
same SOI-CMOS process.

RF measurements proved that MESFETs can be used in power asplifie
operating in the frequency range of DC-2.5GHz. It will be showthé next
chapter that RF performance can be improved at higher frequeridses a
TOM3 model was developed and validated for silicon MESFETs fabdaat a
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45nm CMOS process through simulation of measured devices and a 433MHz

Class AB power amplifier.
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CHAPTER3
SOI-MESFET POWER AMPLIFIERS

The design of RF power amplifiers are certainly a complesk.ta
Nevertheless, this complexity, when coupled with extra limitatrefeged to the
fabrication technology, can lead to even more challenging desitprdaghis is
particularly true in the case of CMOS power amplifiers in sudron
technologies. Indeed, one of the main obstacles in new CMOS technatotiies
low supply voltage that results in very low output power. In addition, this
technology is characterized with a very low drain breakdown voltage tha
prevents adequate implementation of advanced power amplifier clagses
operation, such as class E, due its excessive peak drain’s \b@gan reach as
much as 3.5xMp. Furthermore, passive RF components, inductors and
capacitors, are another source of challenges in a fully ineeg@MOS design.
This manifests in low quality factor of inductors that leadsxtessive losses and
consequently to power efficiency degradation. In addition the largeobpassive
components, when compared to the RF transistors, limits the pramtipaut
matching network topologies for fully integrated implementation [@8lapter |
discussed how the lower breakdown voltage of CMOS transistorsdemdeed
for more passive components and therefore lower efficiency anderhig
fabrication cost due to the large die area of inductors. SOI-MESIevices were
introduced as an alternative solution for the limited headroom of CRR@S

which allows digital and RF circuit’s integration on a samieail die. The first
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reported fabricated RF power amplifiers using the proposed SGHRE
devices are introduced in this chapter.

Agilent Advanced Design Software (ADS) was used to simul&SMET
RFPAs before fabrication. An advanced simulation tool called Loadés Pull
was used to find the optimum device size, geometry and desiredhimgatc
network characteristics to achieve the best performanced/dmace pull
approach is explained in the following.

A general power amplifier block diagram is shown in Figure 42. The
maximum power transfer happens whepyZ is the conjugate of pRan.
However, the conjugate matching condition does not necessarily nesthée
maximum efficiency. The first chapter discussed how the efiigiecan be
improved by either tuning the harmonics of the load or waveform engigeer
approach. Few classical methodologies like class C;*F,.Fwere introduced
that ideally can give 100% efficiency. These RF-PAs aregded based on
harmonic tuning in the matching network. The equations and load conditions
given for these classes are based on an assumption tHRF tlransistor is an
ideal unilateral device. In practice though, optimum source/load camslitay a
packaged transistor, operating at giga hertz range, might be vesyedifithan
what the class E and F equations suggests. Load/source pull techeigse
taking into account all the non-idealities such as finite revisdation and gain

compression of the RF transistor [28].
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Figure 42. A general Power Amplifier block diagram.

Figure 43 shows a basic block diagram of a load/source pull setup. This
technique has been widely used for many years [41] and it is basethbedance
tuning at the drain and gate of the transistor to find the optimum e3toad
conditions. This system can be used to design for the best linedfityency,
bandwidth or maximum power delivery to the load. Design steps asathe for
all these cases, but the goal function might be different forrdiffeapplications.
The optimization steps are explained below:

Step I: Set initial values for the variable loadh(® and source (&) at the

fundamental frequency and its harmonics (3, 4 harmonics).

Step Il: Sweep the fundamental load or source impedance allhevemith chart
and find a point on the smith chart which gives the maximum PAE riliypeatc

(goal function or solving the existing tradeoffs).

Step lll: Change the load/source impedances to the new poindatatt in the

step Il
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Step IV: Sweep the other harmonics at the load and source and pstéqrri
and Il (this time for harmonic frequencies).

Step V: Repeat the step Il and IV until results converge tobds possible
performance.

Step VI: Repeat the step Il to V until achieving best posdtA& or goal
function [28].

It has to be mentioned that this is not a blind load manipulatioroagipr
and the initial values should be calculated by knowing the RF stangamily of
curves, device parasitics and design goals. Biasing conditions dabvaiues of
load at the 2 and & harmonics can highly affect the final resuilt.

Figure 43. Source/Load Pull Simulation Setup [28].

Load/source pull simulation is used to demonstrate the feasibflitiile
proposed MESFET power amplifiers. The TOM3 model developed for the
fabricated MESFETs has been used for these simulations in ABS fifst
fabricated power amplifier using SOI-MESFETSs is an overdrivesscAB PA
operating at 433MHz.

3.1. Wideband Class AB SOI-MESFET RF PA

A MESFET transistor fabricated on a 150nm SOI-CMOS process wa
used to design an RF-PA operating at the center frequency of 43@&fitHmore
than 40% bandwidth. This device has ~5V breakdown voltage and 22GHz of cut-
off frequency. Due to some limitations this device had only one paeédocn
drain, source and gate terminals. As a result, the RF perfoemamas

significantly degraded after packaging. Figure 44 shows tBEMET RF current
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and power gains versus frequency before and after packaging. Althbegh
device has more than 15 dB power gain up to 2GHz before packaging, head wi
have extremely degraded the RF gain for frequencies above 500Mtitz.
problem can be eliminated by adding more bond pads, which has been included

more recently fabricated MESFETSs [42].
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Figure 44. MESFET RF performance before and after packaging. (Red shows
before packaging) (Black shows after packaging)

Chapter | discussed how the impedance transformation reduces thé overa
PA efficiency and limits the bandwidth. High transformation rasiorequired
when the transistor breakdown voltage is much less than the requiradgevolt
swings on the 5@2 load. Therefore the main advantage of using MESFETS
instead of MOSFETs in power amplifiers is relaxing the impeglanc
transformation requisites or even eliminating it whiling meeting standard

requirements. MESFET used in this work hasll,s=L,p=300nm and device
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width of W=4.2mm. It has a peak drain current of 200mA and can handle up to
~5-6 V. The MESFET's family of curves is shown in Figure 45.|dss€ AB
power amplifier operating at 433MHz with peak output power of 19dBm was

designed and built using this packaged SOI-MESFET.

Vg= 0.4V to -0.4V, step=0.2V
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Figure 45. Family of Curves for MESFET witly£L ;=L ,p0=300nm and
Width=4.2mm.

A load/source pull simulation has been completed in Agilent ADS using
the TOM3 model to find the optimum load/source conditions that give e pe
efficiency. Simulated power and PAE contours are plotted in Fig@reDrain
(load) PAE contours (Red) at the fundamental frequency show thaseatol ~50
Q load termination results in the maximum efficiency. The optimgate

impedance that gives the peak PAE and output power is arourd.+2&wvever,
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PAE degrades by less than 3% if the source termination @fiSQused instead of

25 Q. Figure 46 shows the existing tradeoff between power and efficiency [42].
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Figure 46. PAE and Power contours at drain and gate. Red shows PAE and Blue
is Power contours

Load/source pull simulation results are consistent with load line
calculations. A class AB PA based on the above calculations wapel@sand
simulated in ADS. A band-pass serigS filter centered at 433MHz is used for
harmonic suppression of the class AB PA. Packaging and bondwictsediie

included in simulations.
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Figure 47. Schematic of the simulated class AB SOI-MESFET PA

The RF PA shown in Figure 47 was simulated in ADS. Power added
efficiency (PAE), drain efficiency (DE), power gain and output poave plotted
as a function of the input power in Figure 48. The maximum PAE of W&%o

achieved [42].
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Figure 48. Simulation results of the 433MHz class AB MESFET PA.
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The discussed class AB PA was fabricated using FR4 matdyial.
photograph of the PA module is shown in Figure 49. Measurement results a
shown in Figure 50. A maximum PAE of 48% was measured while delgveri
17dBm to a 50 load. Few percent variations between measurement and
simulations are due to several reasons. The TOM3 model islynitaibrated
using small signal measurements at different biasing conditiohss
nonlinearities might not be captured fully in the model. Additionally,tdi€lie
variation, capacitor and inductor models along with inaccuracynéenRCB’s

model are the other possible sources [42].

Figure 49. Photograph of fabricated class AB 433MHz SOI-MESFET PA.
The PA linearity was tested by driving it with a GSM siga433MHz.
The input GSM signal power was increased until it reached the coatpression

point of the PA. As specified in the standard, adjacent channelr mthweld be
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less than -30dBc with respect to the carrier at -/+200KHz and &@iB
/+400KHz. The PA output spectrum was measured from 432MHz to 434MHz and
the measurement resolution bandwidth is set to 10kHz. The measured output

spectrum is shown in Figure 51 [42].
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Figure 50. Measurement results of 433MHz class AB MESFET PA.
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Figure 51. Output spectrum of the MESFET PA driven by a GSM signal.

62



The matching network bandwidth directly limits the PA frequency
response. As it is mentioned before, the load/source-pull simulatioms thlat
there is no need for impedance transformation to match thisM&3FET device
to a 50 Ohm load. As a result, this PA has a high bandwidth of 200 Mitzred
on 400 MHz. In this work, the band-pass (BP) filter was designedgpress
harmonics of the RF signal at 400MHz. This limits the overalb@Adwidth, but
it can be either eliminated or be replaced with another B#? &hd can be used at
other frequencies as well. Figure 52 shows measured PA performearsies

frequency where the drain efficiency stays above 50% from 280 to 480 MHz [42].
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Figure 52. Class AB RF PA measurement results; PAE, REam] gain versus
frequency.

3.2. Cascoded MOSFET-MESFET RF Power Amplifier
The previous sub section measurement results demonstrate that SOI-

MESFETs can be used in power amplifier modules to relax matatehgork
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requirements of a high power PA. RF measurements of MESFEMmsWiit of

28/20 V showed a good performance up to 2.5GHz. The frequency response of
MESFET PAs can be further improved by using a cascode MOSHESFET

pair shown in Figure 53. The following explains how this technique imprthee

frequency response of MESFET PAs.
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Figure 53. The proposed cascoded MOSFET-MESFET pair.

The breakdown voltage of the proposed structure is the summation of two
devices breakdown voltages. The RF signal is fed to the MOSHET which
has few times higher cut-off frequency than MESFETs on a samcegs. Since
the MOSFET converts the RF signal into current, the whole casaidégs
higher fr than the MESFET’s cut-off frequency. The small signal amalgs
cascode pair shows that the ovefals approximately the geometric mean of the
two devicedr. Following are the small sign&l analysis of the cascode structure

shown in Figure 53:
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lin

lin = lg1 = jUinwCssy = Vip = —j —— oCon and iz, = —jvp,wCss,  Equation 22
ip1 = Ym1Vin 2 lp1 = —j% andip = ip; = —gm2Vp1
Equation 23
_ . wCgs2ip
—lig =] P
KCL at drainl node:
ip1 =gy +ip=igX(1+]j GSZ) and
. Equation 24
.Imilin _ . ( wCGSZ)
—j—= 147
wCgsy Im2
i_o__. Im1 1 =_.(UT1 1 _
im  wCost (1 + a)CGsz) I (1 +]-L) Equation 25
J m2 W2
To find fr
2
|Ha1| = |—0(w = wr)| =1, sowr =? f 14 -L Equation 26
T T2

Solving the above equation:

W2 Wty i
wr = 7 X |( ’1 + 4(0)_T2)2 —1) = {(wr2 X wr1) Equation 27

Equation 27 shows that cascode architecture improves the frequency

performance of MESFET PAs.

Comparing cascoded MOSFET-MESFET and MOSFET-MOSFET, the
first structure has much higher breakdown voltage while the Rierpgnce is
comparable with the later design for frequencies less than 10Ebare 54

compares the conventional NMOS-NMOS cascode with the MOSFESHET
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cascode topology. The transconductangg) (of a cascode block is mostly
determined by the input device; therefore in Figure 54.b, the MO$$-H3ed as

the input transistor since it has higher gain fand

o o

VeiasO——— VigiasO——>

L

o
o

VRrF

VBias VBias

(a) (b)

Figure 54 (a) conventional NMOS-NMOS cascode structure (b) proposed
MOSFET-MESFET power amplifier

In Figure 54.a, a steady-state drain-to-source voltage &f gansistor
should not exceed the nominal 3V supply voltage given by the 150nm SOI CMOS
technology. Therefore as a result of the cascode, the supply vaagbe
theoretically increased by a factor of two. In practice howethe \pp scaling
will be less than two because the RF signal division ratio lestvilee top and
bottom transistors is not 1:1 with the top transistor receivilagger share of the
voltage swing. This implies that higherpy and consequently a higher output
power level for the PA can be achieved if the top transistor gaghbreakdown
voltage. While the MESFET does have a noticeably Idwandg, compared to

the MOSFET, the overall performance of the PA’s frequencyabipe and gain
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should only marginally degrade since the performance of thosecmatri
dominated by the bottom transistor. On the 150nm SOI CMOS process the
maximum voltage swing for the circuit in Figure 54.a is ~5V. Raph the
MOSFET with the MESFET in Figure 54.b, it can be increased to B t¥
depending on MESFET's geometry. A cascoded MOS-MES structure was
implemented in Agilent ADS as shown in Figure 54. b. The MESFET's gat
length was chosen to be 300nm which allowed a 6V signal swing oortiaan

gate transistor. In our simulations, a MOSFET wit¥180nm transistor is used

as the bottom MOSFET, it has slightly higher breakdown voltagepaong to

SOI-MOSFET with gate length of 150nm [43].
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Figure 55. Cascoded MOSFET-MESFET'’s Family Of Curves (FOC).
Load/Source Pull simulations were performed and device widthssn thi
simulation were chosen to deliver 24dBm power to a 50 ohms load. Assthe f

step the family of curves for the cascoded device is plottedgurd-i55 to find
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optimum biasing point. As it is shown in this plot, the drain voltagegcaunp to
10V without even seeing the soft breakdown effect. A high efficieREy
amplifier at 1GHz was targeted and simulation results showadxamum PAE
of 75% with around 28dB power gain. Time domain voltage and current tapthe
transistor drain is shown in Figure 56. Maximum voltage swinghencommon
gate transistor is less than 6V, which guarantees safe iopecditthe MESFET
device. Gain, output power and PAE are plotted as a function of inpwr pow

Figure 57 [43].
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Figure 56. Time domain drain’s current and voltage
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Figure 57. Pout, Gain and PAE versus Input power.
3.3.  On-Die Measurements of MESFET RF-PAs

Various MESFETs breakdown voltages were measured and are plated ve
Lap in Figure 58. These devices were fabricated on a 45nm SOI-CMO8sproc
that has a nominal supply voltage of 0.9V. The peak output power of aAclass-
amplifier can be calculated using Equation 5 in the first chaptes theoretical
peak output powers of different MESFETs are calculated from thakdiwe/n
voltage plot of Figure 58. The theoretical maximugPversus drain access
length (Lap) for two different drain terminations of @ and 50Q are shown in
Figure 59. Figure 59.a shows that peak output power of ~20 Waltecachieved
if a MESFET with l,p = 2um and loadline of & is used. This is much higher

than what most cellphone applications require.
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Figure 58. MESFETs breakdown voltage versgisdn a 45nm SOI-CMOS
process.

Figure 59.b shows peak output powers for MESFETs with aQ50
loadline. The output power range is between 22dBm to 33dBm. This range of
power covers many of the applications such as GSM [44] and EDGEA45
mentioned in the first chapter, using a®0oadline transistor can possibly result
in a higher efficiency and wider bandwidth of the RF power amplifiee term *
transformer-less “ will be used, in the rest of this thesissiiogle ended class

A/AB RF-PAs designed with 5Q loadline SOI-MESFETS.
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Figure 59. Theoretical peak output power of class-A amplifier vergu&@)
device loadline of ® (b) device loadline slope of 2.

MESFETs breakdown voltage can be controlled by appropriate Sfing
spacer regions between drain, source and gate. Therefore, a rend&Ess RF-
PA can be designed for any application with the maximum output powibei
range of 0.3-2 Watt. The design steps toward transformer-leS&~EE PAs are
explained here.

The minimum required breakdown voltage for a given peak output power
is calculated in Equation 28.

(VBD

2
p T) ROPT=50 and given POUT
OUT ™ 2 x ROPT Equation 28

Vep = 24/2 X 50 X Pyyr
The optimum Ls and Lp can be extracted from Figure 58 to achieve the

above breakdown voltage. Also, the device width should be correctly sefuee
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a 50Q loadline. Using Equation 29 and knowing the MESFET'’s current drive,

device width can be calculated.

Vap =V, .
Iyay = —2—X0EE MESFET width Equation 29

50 current drive

The explained methodology was used to design RF power amplifiags usi
the SOI-MESFET. The idea of transformer-less MESFET Pds wnitially
explored by using the setup shown in Figure 60. The shown test systanilas
to the load/source pull system described at the beginning of this chapter. The main
difference is that here the load and source impedances are coastatit
frequencies, while in the load-pull approach; a load tuner is usedtohsfor the
optimal performance. As a result, the reported efficiencies snatbrk are not the
highest achievable performances that can be obtained by SOI-MESFETSs.

On-die open, short and thru structures in a Ground-Signal-Ground (GSG)
format were used to calibrate out all the losses associathdfikers, bias-T,

cables and pad loss.

Efficiency *
Calculator
Control Unit
nc
Source
DC+ RF J— Power
Signal e LPFIBPF Bias T
Generator | SMA cable SMA cable Meter
DuT
GSG

Figure 60. On-Die MESFET RF-PA measurement setup.
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A low pass filter used in this work pushes the location of harmonic
impedances to the edge of the smith chart. Therefore thelanpe seen from the
drain of MESFET is close to open at the second and third harmonics. The
locations of load impedances on the smith chart are shown in Figure 61. A
parallel L-C resonator is required to filter out harmonics intthditional class
A/AB amplifiers. In this work we have used a low-pass filtett tlegoresents a
series L-C resonator. This technique is known as low-pass caspldier [MS].
Although it is not a switching amplifier, it still improves théfi@ency, by
influencing the time domain drain voltage and current waveforms. fidvebdck
of this approach is the higher nonlinearity comparing to the traditidaas-A

RF-PAs.

Figure 61. The presented load to the MESFET’s drain at fundamental and
harmonic frequencies.

73



MESFETs fabricated on a 45nm process were tested in this setup.
MESFETSs with [g=200nm and Ls=L,p=500nm have breakdown voltage of ~12-
13. The device used in this work has a loadline of &8@hus it can deliver 22
dBm of power to a 5@ load. Measurement results at 400 MHz show peak output
power of 22.5 dBm and 50 % power added efficiency. Efficiency and output
power versus input power for a class-A bias condition at two diffesupply

voltages are shown in Figure 62.
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Figure 62. PAE, Pout vs Pin. Class-A 400 MHz MESFET-PA wgh200nm,
Las=Lap=500nm. \&=0.0V

PA class of operation was changed by sweeping gate biase:driggre

63 shows MESFET PA performance versus gate voltage. As thehauats the
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output power goes down for lower gate voltages (class-C), but egifici

increases to 52 %.
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Figure 63. 400 MHz MESFET-PA performance at different classes of aperati
Vop=4V, Vsusg=4V, Pin 6 dBm.

The next chapter discusses polar transmitters as a solutidficteney
degradation at backed-off powers. In detail operation of polar tréessnwill be
discussed in Chapter IV. One of the key parameters in desigmisg type of
transmitters is RF-PA performance versus supply voltage. MESHERPA PAE,
gain and output power versus supply voltage were measured and plotigaren F
64. As it is shown the peak output power increases with increasinguppdy
voltage. Accordingly, the 1-dB compression point increases ands@sa better

linearity.

75



25 60

o 20

<)

S

© — T
o P >
Py m
E —~
@ 10 S
=

3

o S

0 ‘ 10
1 2 3 4 5 6 7
VDD (V)

Figure 64. MESFTE RF-PA performance versus supply voltage-0/4 V,
Vsus=4V, Pin=6dBm.

Similar measurements were taken for a MESFET with
Le=Las=Lap=200nm fabricated on a 45nm Technology. Three RF power
amplifiers operating at 433, 900 and 1800 MHz were measured. The peak output
power of 21 dBm was measured at 433 MHz. The peak measured power added
efficiency is close to 55% and MESFET PA has 15 dB of ga#BaMHz. The

measured PA performances at different frequencies are shown in Table 1.
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Table 1. Measurement results of transformer-less MESFET RF-PBSKEET
has Ls=200 and Ls=Lsp= 200nm and 500nm with Width=4mm).

Frequency Lg, Las Lap | Voo | Vg PAE Pout Galn(dB)

(MHz) (um) V)| M) | (%) | (dBm)
433 0.2-0.2-0.2| 2| 0.1 55 18.4 15
433 0.2-05-05/ 6] 0. 48 21.2 20
900 0.2-0.2-0.2| 3| 0.1 42 19 9.5
1800 | 0.2-05-05| 3| -02 48 21 11
1800 | 0.2-05-05] 7| 0.0 35 24 14

3.4. Summary of SOI-MESFET RF Power Amplifiers

The first demonstration of SOI-MESFET RF power amplifiers ewer
presented in this chapter. SOI-MESFETs on 45nm process provides enéugh R
gain for power amplifier applications below 2.5 GHz. The RF gamnbeafurther
increased by using a MOSFET device as the input transistor asdFBEIEas the
cascode device. A 1 GHz RF-PA using the proposed cascode strucsare
designed and simulated in ADS. Simulation results show ~75 % PAE4aiiin
output power.

MESFET only RF-PAs were designed and measured at 433, 900 and 1800
MHz. Peak PAE of 55% and output power of 22.5 dBm were measured.

The following chapter discusses RF polar transmitter design tiseng

fabricated MESFET PA at 433 MHz.
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CHAPTER4
WIDEBAND SUPPLY MODULATOR FOR POLAR TRANSMITTERS
The rapid evolution of wireless communication technologies has indrease
the need for handheld devices that can support high data rate communication
standards. Radio Frequency (RF) front ends, especially the RF powdifier,
are the main challenges in implementation of these systemsodaggressive
linearity and dynamic range requirements. Power AmplifierssfRminate the
sources of distortions and power consumption in the RF-front end. They are
typically operated in linear classes in order to minimize itheatity degradation.
However, linear operation leads to poor average power efficienpgciafly
when fed by signals with high peak to average power ratio (PAREh as Long
Term Evolution (LTE) [47] and Wideband Code Division Multiple Access (W
CDMA) signals [48]. Table 2 shows PAPR, bandwidth and power speiins
of few high data rate standards [46].

Table 2. Advanced modulation schemes specifications [46].

Channel
Standards Modulation Scheme | PAPR (dB) Bandwidth
IEEE 802.11b 20 MHz
(WLAKS DBPSK, DOPSK, CCK| ~10
GSM EDGE 8-PSK ~32 200 KHz
WCDMA/UMTS QPSK ~3.5-7 5 MHz
QPSK, BPSK, 8-PSK| 1.25 MHz
CDMA 2000 LeOAM 4-9

An example of MESFET class-AB RF power amplifier effiagrversus

output power is shown in Figure 65. W-CDMA signal average powsf6siB
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below the peak power. Therefore if the PA is fed by this sighal,average
efficiency drops to 10% comparing to the maximum power addeciesfty of
55%. Reduced efficiency in the power amplifier is the main contribistahe
significant the battery life reduction of handset devices. Loficieficy also

causes high power dissipation in the device and results in severe heating effects
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Figure 65. MESFET Class-AB amplifier efficiency versus normelizetput
power.

To remedy this issue, some advanced methods like Doherty amafifie
drain modulation based architectures were introduced [49], [50], [5though
the Doherty technique improves efficiency at backed off power, ibaadwidth
limitations. Polar modulation on the other hand, can potentially hargerl
bandwidth and achieve close to peak PA efficiency operation over a odnge
input powers by tracking the envelope variation of the modulated| sigttee PA
supply node [28].
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The main idea behind the polar architecture is to improve the drain
efficiency by reducing the DC power with respect to the oupputer. Transient
drain voltage of a class-A amplifier at different powerlsvare plotted in Figure
66. (a) and (b) have the same DC power consumption, while (a) e bigput
power than (b), therefore it has higher drain efficiency than (h).eAvelope
amplifier is added to the class-A circuit of Figure 67. The apelamplifier
controls the supply voltage,p¥, based on the peak-to-peak voltage swing at the
drain of the PA’s transistor. As a result, the DC power consumigtiadaptively

being changed to achieve higher efficiency at lower output powers.
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Figure 67. Efficiency improvement by reducing the DC bias point.
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The idea of polar transmitter was first introduced in [52]. Figi@shows
the proposed circuit by Kahn in [52] known as Envelope Elimination and

Restoration (EER).
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Amplitude

S
l/

Envelope
Detector

Y Y
D
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Limiter constant Amplitude
Phase

T

Modulated RF
Signal

Figure 68. Kahn Envelope Elimination and Restoration (EER) Transmitter [52]
Contrary to traditional Cartesian transmitters, polar transmitransform
the in-phase and quadrature components of the input signal into amfijtadd

phase ) representation.

r(t) = JIOZ + Q(6)Z , 6(t) = tan_l(%) Equation 30

In an EER transmitter, the amplitude information is used to corteol t
drain supply voltage and consequently the gain. The modulated phaseis@gnal
constant amplitude signal which ensures the peak efficiency mpecdtthe RF-
PA. Since the input signal has a constant amplitude, one of the rndintes of

the EER technique is to make possible the deployment of higheefficiPAs,
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which are strongly nonlinear, while meeting the linearity remuents. The
overall efficiency of the whole output stage is the PA effiojemailtiplied by the
Envelope path efficiency. Therefore, the peak efficiency reduceshéaverage
efficiency is improved at back off powers.

As mentioned above, a nonlinear PA can be used in EER architecture
which improves the transmitter’s efficiency. But this technique tweo main
drawbacks: (i) phase information has much more bandwidth than the oti@nal
signals (ii) high input power leaks to the output and limits the dymaamge of
the transmitter. To eliminate the bandwidth and dynamic rarg@dem of EER
techniques, an alternative form of polar transmitter known as Envé&lag&ing
(ET) has been introduced [53], [54]. In ET architecture, the PA igpatinal is
fed by the original modulated signal which has less BW wiltige dupply is
controlled by amplitude modulated signal. This increases the Pandgrrange
and improves the backed-off power efficiency at the same timee $he input
signal has amplitude variation, a linear RF power amplifier didmetused in ET
architecture. The RF PA of these architectures has to have goodn@ece
versus supply voltage variation, while the ET amplifier is liné&kR can be a
nonlinear PA. Later sections discuss a new ET architecture tiengroposed
four terminal SOI-MESFETS.

As mentioned above, the polar transmitter needs pBasad magnitude
(r) information instead of Inphase () and Quadrature (Q) sigh&sto rb
transformation are nonlinear functions, which affect signal BVihdteases the

phase BW approximately by ~10-20 times and amplitude BW by ~&adng
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to the original 1 and Q signals. Therefore, the power amplifier sunaply
modulator must have wider bandwidth comparing to the traditional Ganrtesi
transmitters. Previous chapters discussed how SOI-MESFETSs ecarsdal to
design very wideband RF amplifiers. This chapter talks aboutbaidk supply
modulator design using the proposed SOI-MESFET device.

4.1. RF Power Amplifiers Supply Modulators

Analog amplifiers, buck convertors or mixed analog/digital cireastare
the candidates for the envelope path of polar transmitters. Buck tansvand
switched mode amplifiers (SMAs) have traditionally being usethddulate the
PA’s supply node. Although switched mode circuits have high efficietingy
suffer from bandwidth and linearity limitations. They also gereen&yh levels of
switching noise ripple at the output terminal. SMAs are more atpdicfor low
bandwidth (BW) signals like EDGE/GSM [55]. For large BW sigrsish as W-
CDMA and LTE, a very fast analog amplifier is needed. Analoglédiers can
provide much more bandwidth than buck convertors, but result in low efficiency
More advanced architectures use the combination of a buck convertor for low
frequencies and an analog amplifier for high frequencies [49], [55].

Various hybrid linear/SMA regulators were proposed to achieve high
bandwidth and efficiency at the same time [49], [56]. In general,litiear
amplifier can be in series or in parallel with the SMA. Fegé® shows both
groupings. The series combination of the switching and linear aemplifielps
remove switching noise. The drawback of this tactic is thaiCe#d is required to

function as the linear amplifier [56]. CMOS LDOs suffer from dhaiath
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limitations, stability issues and limited voltage swings [57]. Tdlewing section

discusses how SOI- MESFETSs can improve LDO stability and bandwidth.
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Figure 69. (a) Series SMA LDO supply modulator in EER (b) Parallel Araplif
and SMA supply modulator in EER.
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4.2. SOI-MESFET for PA Supply Regulation

Different LDO topologies based on P-channel or N-channel pass
transistors have been introduced [57]. Both P- and N-channel LDQGb@mn in
Figure 70, where they each have their own advantage and disadvatiatpes
impedance (dut) of the P-channel transistor in Figure 70.b is proportionadsto r
of the device. However Figure 70.a uses an N-MOSFET which has mwput
impedance in an LDO circuit which gives higher bandwidth compared- to P
channel LDOs or better stability. The drawback using N-channelsLid@hat a
charge pump circuit is required to overcome the threshold voltage drop f
enhancement mode N-channel devices [58].

VDD VDD
0 0

Envelope Envelope
S +

[ C
L L

CL J— RL CL

N-FET LDO P-FETLDO T
@) o

Figure 70. (&) N-MOSFET based LDO (b) P-MOSFET based LDO

In this section, we present a design methodology for a SOI-MESFET
based LDO that features a depletion-mode N-type device gzadsetransistor.
This combines the advantages of both P and N devices allowing for low cost

design simplicity, stability, high current drive and bandwidth.
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As discussed in the introduction, LDO regulators can be used to improve
the overall efficiency and linearity of a RF transmitter. Tgreposed SOI-
MESFET based LDO is shown Figure 71. An N-channel MESFET is stdtba
pass transistor of the LDO in a common drain configuration. The ifiedpl
equivalent small signal circuits of MESFET and PA are also shovrigure 71.

At low frequencies, the resistance seen by the LDO output nquiepsrtional to

1/9m; this pushes the pole contributed by the pass transistor to higher frequencies
compared to a P-FET device which has output resistancgsoTIits stabilizes

the LDO for larger capacitive loads.
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Figure 71. LDO envelope tracking regulator using the SOI-MESFET.
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The loop gain transfer function of the LDOG(S) depends on the op-
amp transfer functiomA(S) and the common drain transistor frequency response,
M(S)

Loop Gain(S) = LG(S) = A(S) x M(S) Equation 31
It can be shown that:

gm + Cgs X S

M(S) = T
Z—L+E+gm+CgsxS

Equation 32
gm + Cgs X S

~
=~

1
(R_L+ gm) + (Cgs + CL) XS

Om is much larger than 1/RL, therefore the pole associated with) M(S

located at:
9m  CL=0 _
Wpy = Coot Cy — Wpy = Wt Equation 33
gs

For C_=0, the transistor’'s dominant pole is located at the MESFET cut-off
frequency, fr. MESFETs used in this work have more than 10GHz cut-off
frequency. The op-amp used in this work has a unity gain bandwidth of 350MHz
Its first pole is located at 35 kHz and the second pole at 500 MHizSbfee the
pole related to the MESFET is at a much higher frequency thaopptt@enp’s
second pole, it has minimal effect on the LDO phase margin.d-igishows the
open loop frequency response of the LDO in the presence of lowitoapmads,
less than 5pF. As it is shown in the measurements section, hiajhes\ofC_
push the MESFET pole to lower frequencies and cause instabilityisBhis can

be resolved by using a slower op-amp with the cost of a reduced bandwidth.
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Figure 72. Frequency response of the proposed LDO.
4.3. LDO Measurement Results

An N-channel MESFET LDO for polar and envelope tracking tranemitt
applications is designed and built using a packaged MESFET fabrioate
150nm SOI-CMOS process. A 350MHz bandwidth AD8061 op-amp from Analog
Devices [59] was used to drive the MESFET gate. As explainéteiprevious
section, the overall LDO bandwidth is limited mostly by the ogp-amity gain
frequency. The LDO transfer function, under different load conditiondbbas
measured and plotted in Figure 73. This plot demonstrates tlaadavioth of up

to 350MHz can be achieved.
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Figure 73. Measured LDO voltage gain for different capacitive loads.

The efficiency of a supply regulator directly affects the rallepolar
transmitter performance. Assuming the LDO voltage supply rencaimstant, the

efficiency will drop as the output power decreases as explained in Equation 34 .

Vour X 1 %
LDOgsp(%) = —21 2990 % 100 = 100 X — Equation 34
Vpp X Ipc DD

To prevent this issue, a buck regulator can be used in seriehwitibO
to control the supply voltag®&pp, and amplify the low frequency components of
a modulated signal. The LDO efficiency with (PAE) and withouE)Dhe
presence of an error amplifier is shown in Figure 74. Measurédopgiaut power

and efficiency are 26.2 dBm and 77% respectively when the LDO ictathto

a 2@ resistor and a 10pF capacitor.
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Figure 74. Measured LDO efficiency

The LDO linearity was tested by driving it with a two toneusoidal
signal at 100MHz separated by 200 kHz. The output spectrum is shdvigure
75. Measured IMD3 is approximately -55dBc when the input power-B0aBc

with respect to the full voltage swing.
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Figure 75. LDO output spectrum when it is fed with a two tone signal at 100MHz
and separated by 200kHz.
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Figure 76 shows the transient response of the LDO with inputieekctif
sinusoidal. Fast slope changes at the signal edges show the broadlzemar fnéh
the LDO.
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Figure 76. Transient response of the LDO to a rectified 1.2MHz sine wave
applied as the envelope signal.

One of the advantages of using an LDO as the linear ampifi¢o
suppress the switching noise coming from the switch mode power stjglye
77 shows power supply noise rejection behavior of the proposed LDO. More than

50dB noise rejection has been achieved for frequencies below 300MHz.
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Figure 77. Measured PSR of the proposed LDO.

The linearity and transient performance of the proposed LDO estsdt
in an envelope tracking configuration. In this work, LDO drives the 43% MH
SOI-MESFET power amplifier discussed in the previous chapter. d=i@8r
shows the test setup block diagram used in this work. Appendix-Adiatkg the
test setup in more details. As the first step a two tonalsigas applied to the PA
input and the envelope was used to drive the LDO. Effect of supplygeolta
variation on linearity of this ET transmitter is shown in Figi®e For a fixed PA
Vpp of 2 V, IM3 components are 35dB lower than the fundamental tones.
Measurements show that IM3 starts growing when envelope Sgiad on the

supply voltage is more than 0.8 V.
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Figure 78. SOI-MESFET envelope tracking test setup.
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An RF modulated EDGE signal was used to drive the PA input and the
envelope of the EDGE signal was used to drive LDO in an ETtacthwe. The
transient input and output voltage of LDO was captured using an Infiniium
Agilent oscilloscope and is plotted in Figure 80. RMS value ofylated error
signal is approximately -57 dB. Effect of envelope voltage swmdjinearity of
EDGE signal is shown in Figure 81. This plot shows the tradebffdesm supply
voltage swing (efficiency improvement) and linearity. Largeredope swing

results in better efficiency with the cost of more nonlinearity.
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Figure 80. Transient input and output voltage of LDO for EDGE envelope signal.
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Figure 81. Normalized output spectrum of MESFET ET for EDGE signal.
LDO was fabricated on a FR4 board using a packaged SOI-MESRE&T
AD8061 Analog Device op-amp. The photograph of the LDO board is shown in

Figure 82.
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Figure 82. Photograph of the 350 MHz SOI-MESFET LDO.
4.4. Summary

This chapter discussed the need for RF transmitters which hawve les
efficiency degradation at backed-off powers. Polar transmitterintieoduced as a
solution, and different polar architectures were outlined. Polar treasm
introduces switching noises on the PA supply node. To remedy this prodblem
high speed and stable LDO is required. Depletion mode behavior bf SO
MESFETs makes it possible to achieve several hundred megahé&dndwidth
and decent stability at the same time. This idea was validigtetbsigning and
measuring an SOI-MESFTE LDO with 350 MHz bandwidth. LDO watetes
an ET architecture driving a MESFET PA. Measurement reshltsv that the

proposed ET transmitter satisfies EDGE requirements.
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CHAPTERS
BACKGATE MODULATED POLAR TRANSMITTER
Chapter IV expined the idea behind building polransmitters (PTs) ar
described differentpolar architectures. All the efforts in PTs are &ooh
improving the overall transmitter efficiency at kac-off powers, while
satisfying the linarity requirements of modern communication stanslafdvery

simplified polar transmitter block diagram is shointFigure 83.
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Figure 83 Simplified block diagram of a traditional polaamsmitter.

At any output power level, the overall efficiencythe polar transmitte

Equation35
Therefore the envelope amplifier's efficiency is edtical as the P/
efficiency. Designing an efficient supply modulatbat meets all the lineari

specifications, can be as challenging a-PA design itselfBuck converters an
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switching mode amplifiers are very efficient, but they suffemf bandwidth
limitations and switching noises. Combinations of a linear and ls@dtenode
amplifier are introduced to regulate the PA supply voltage fdeland envelope
signals. As explained in the previous chapter, the efficiency ofhifeid
envelope amplifier is not constant for all signal levels and indacreases when
the envelope signal drops. For a well-designed envelope ampfitidRB-PA, the
efficiency reduction is not as significant as standalone fRéiesncy degradation
in backed-off powers. Thus, it is still possible to improve the gecedficiency
by using polar transmitters.

Another problem associated with polar transmitters is theirdgmamic
range due to limited supply voltage swing. Large voltage saimthe PA supply
node can change the RF transistor operation mode into the linede)tregion
and causes severe AM-AM and AM-PM distortions.

Taking everything into account, although supply modulated polar
transmitters can improve the average efficiency; they intedueany design
challenges for meeting noise, dynamic range and linearityifispéions of
modern standards.

This chapter presents a novel polar architecture that can potentiall
mitigate some of the problems described above. The main idea behind this work is
to control the RF gain and DC power by changing the substrategeobf a
partially depleted transistor on an SOI process. In principtetite same idea as
supply voltage modulation, but the advantages of the proposed technique are

higher dynamic range, less design complexity and most impagrtéugher
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efficiency. Higher efficiency can be achieved because of tve power
consumption of the envelope amplifier in the proposed architecture. Thesl bur
oxide in an SOI processes is an insulator and isolates the backgatalt&om a
MOSFET/MESFET device channel. Therefore, there is no DCerumoing
through the backgate terminal.

Designing a substrate modulated based transmitter requines &fminal
device model and extraction of the associated device model. Althougth SO
MESFET devices are used in this work, the same technique capptied to
MOSFET devices as well. A four terminal Verilog model havenbdeveloped
for SOI-MESFETs and reported in [62]. The following section talkeut DC
and RF characterization of SOI-MESFETSs fabricated on a 45nm technology.
5.1. Substrate Voltage Effect on Device Characteristics

A cross section of a MESFET on a SOI process is shown in Fgure
Figure 84 (a) shows the depletion region feg=U and backgate voltage g&=0.
The depletion region grows as the gate voltage becomes moreveegdtigure
84 (b) Applying a negative voltage to the substrate also depletehannel as it
is shown in Figure 84 (c). Positivesy has the opposite effect and reduces the

depletion region area.
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Figure 84. Cross sectional view of a partially depleted MESFET £a) Wgs<0
(b) V<0, V<0 (c) V&<0, Vge=-2.
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The effect of substrate voltage on the channel thickness ofdefiieted
transistors appears as a change in the threshold voltage, andal ehanges in
DC current. This effect has been studied for SOI-MESFET devitd$2].
Measured drain current versus gate voltage at different backgestes are plotted

in Figure 85.
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Figure 85. Effect of substrate voltage on SOI-MESFET I/V curve.

DC measurements demonstrate that the SOI-MESFET drain cuarebec
controlled over a wide range by changing the backgate voltage pidperty can
be used in a polar transmitter to control the DC and RF power. Timebauaier
toward this task is the AC response of the substrate termihal.fdllowing
section discusses the transient and RF response of the backgate contact.
5.2.  Transient Behavior of Substrate Contact

The buried oxide layer of SOI wafers is reaching ~100-200 nm in very

deep submicron technologies such as the IBM 45nm SOI process used in thi
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work. Therefore, a smaller voltage is required to matiuthe channel thickne:
The input impedancefdhe backgate terminal was measured and is plott

Figure 86. At low frequecies, the input impedance a capacitive load of --5pF.
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Figure 86 Measured input capacitance of the backgate teilt

The low capacitance of the backgate terminal allmssto drive the
backgate contact with a time varying signal havoagdwidth of more than 1(
MHz. To validate the idesa 100 KHz square wave signal is applied to
substrate of a cla®3- MESFET power amplifier and the output voltage
captured with an oscilloscope. the same timermaRF signal at 433 MHz
applied to the Schottkgate. The transient output signal hown in Figure 87.
This plot demonstrates that the RF power can beumatetl with a basebar

signal fed to the backgate termi
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Figure 87. Transient behavior of a SOI-MESFET PA when the backgate is driven
by a 100 KHz square wave.

5.3.  Efficiency Enhancement Using Backgate Modulation

The previous sub-sections described how DC and RF power of SOI-
MESFET/MOSFET PAs can be controlled using the backgate tdrmina
Measurement results of a backgate modulated SOI-MESFET paantitter are
presented in this section. In a supply modulated EER transmitteuitipeit
power is controlled by changing the supply voltage of the power fenpWhile
the input power is constant. In the proposed polar transmitter, the sughialge
and RF input power are constant, and the output power is controlled by the
substrate voltage. Figure 88 shows the block diagram of such a polsmitter
architecture. The envelope amplifier of this transmitteredria capacitive load of

~2-pF. Therefore, a very low power (less than 5mW) baseband @mphah be
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used for this purpose. Power consumptiof this envelope amplifier has

negligible effect on the overall transmitter eféiocy.
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Figure 88 Block diagram of the proposed backgate modulptedr transmitte
The static effect of the backgate voltage on thepedornance is show
in Figure 89 It shows that as thegs goes up, higher output power can
achieved. Output power and PAE are measured vénsusubstrate voltage a
plotted in Figure 90The peak PAE of the proposed polar transmittehésstame
as the RAPA peak efficiency. The main goal though is to ioya the efficiency
at backedsff output powers. PAE improvement using thoposed method i
comparison to the traditional cli-AB RF-PA is shown Figure9l. In the
traditional approach d, Vg and \kg are constant and the RF PA is fed b
modulated RF input signal. To make a fair comparishe same F-PA was use:
in the proposed polar transter. Measurement results show % PAE

improvement at ®1B backe-off power using backgate modulation.
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Figure 89Effect of the backgate voltage on the MESFET RF-PA output power.
VDD=3V, VG=-0.2V.

Output power and PAE are measured versus the substrate voltage and

plotted in Figure 90.
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Figure 90. SOI-MESFET Power Amplifier performance versus the substrate
voltage.
105



60

50 Proposed Backgate Modulated

40

30

PAE (%)

20

Constant VDD and Backgate

0 8 -6 -4 2 0
Normalized Output Power (dBm)

Figure 91. PAE versus output power comparison between the traditional class-AB
PA and a backgate modulated polar transmitter.

One of the challenges in implementation of supply regulated polar
transmitters is their low dynamic range. At low supply voltagee RF transistor
goes to the triode (linear) region and causes severe AM/AM andPlM
distortions. A comparison between AM/PM behavior of the MESFETwWih
respect to backgate terminal and supply voltage is shown in Figured2gure
93. The voltage sweep range in this measurement translates to ~13aBicyn
range for both backgate and supply modulation architectures. Howeeepiagy
VDD changes the phase by 25 degree, where the backgate modulation oedy caus

6 degrees of phase change.
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Figure 92. Measured AM/PM characteristics of SOI-MESFET 1.8GHz PA at
fixed input power of 6-dBm.

The linearity performance of the proposed PT was measured in an
envelope tracking structure fed by an EDGE signal. The meéswrmalized
output spectrum is shown Figure 94. As it is specified on the grapbathgate
modulated ET output spectrum satisfies the mask requirement fBEERnals.
Efficiency improves by a factor of 1.3 for EDGE signal whias énvelope signal

is applied to the backgate comparing to the constant bias condition.
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Figure 94. Output spectrum of EDGE signal for backgate modulated SOI-
MESFET ET transmitter.
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5.4. Backgate Modulation versus Supply Modulation

Although the peak PAE of a backgate modulated PT is the same as the
RF-PA peak efficiency, PAE still drops asJ? is reduced. A similar problem is
also associated with supply modulated polar transmitters. In tlsst ttee
efficiency of the envelope amplifier reduces as the output poweredses.
Equation 35 reflects this effect in the overall efficiency waliton of the supply
modulated polar transmitter.

Efficiency drop at backed-off powers in the backgate modulated PT can be
also modeled by a PAE scaling factor is not physical power dissipation in the
envelope amplifier. It is simply a parameter which is defined cdomparison
purposes( is very similar to the supply modulator efficiency and pldnsgame
role in PAE calculation of Equation 35. Overall PAE of a backgaidulated PT
can be calculated as:

Nrotai(Pour) = S(Pour) X NMpa_max Equation 36

 for a measured SOI-MESFET PA is extracted and plotted vergpsit
power in Figure 96. To perform a fair evaluation, the supply maahdat
efficiency results, presented in [63], are used as a referentieis section.
Efficiencies reported in [63] are among the highest numbers reported to the date

Figure 96 shows the comparison between the proposed technique and the
traditional supply modulated PT reported in [63]. Although the proposedonhet
has higher efficiency at high output powers, the supply modulated shoes bet

performance for normalizedBy less than -4dBm. The quicker efficiency drop of
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the backgate modulated PT is mainly due to the &R geduction at low outpt
powers. RF input power is constant for beate modulated data collected
Figure 91 This problem can be resolved by applying a lowgut power a
backedeff output power.Figure 95 shows efficiency versug? at different

input powers. This graph shows that higher PAEclsevable for a fixed our if

lower Ry is used.
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Figure 95. PAE obackgate modulated PT at different input power I\
Efficiency of the pr-distorted backgate modulated PT is compared t
hybrid supply modulator iFigure 96. The proposed method hagher efficiency
for a 6-dBrange of output power. Peak efficiency is ~20% highan the hybric
buck and LDO supply voltage modulat
It has to be mentioned that the power amplifieicefhcy drops very fas

as \bp approaches the knee voltage of the RF transistars,Teven though tt
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supply voltage modulator efficiency is ~40% -12dB backedff, the overall

efficiency can be much poore
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Figure 96 Efficiency comparison betweehe hybrid supply modulat$63],
backgate PT and pumistorted backgate F

5.5.  Summary

A novel polar transmitter architecture was introducethis chapter. Th
proposed polar transmitter uses the backgate whl@agontrol the output powe
Efficiency performance versus output power were sugad and compared tc
traditional classAB SOI-MESFET RFPA. The proposed technique shows -
PAE improvement at 8B backe-off power.

A low power, high speed envelope amplifier can hseduin this
architecture. In traditional supply modulated pdtfansmitter, a very high pow
and low noise amplifier is needed. This adds desigmplexity and result i

lower efficiency comparing to bkgate modulated PT. More than 10% efficiel
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improvement was achieved comparing to supply voltage modulation by using a

look-up table and pre-distorting the input signal.
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CHAPTERG
CONCLUSION

The low breakdown voltage of MOSFET devices on deep sub-micron
technologies limits the output power of RF transmitters and adsisf reliability
concerns to RF PAs design. The SOI-CMOS compatible MESFET was
introduced as a potential solution for some of the issues associdie’Fwpower
amplifier design on silicon CMOS technologies. SOI-MESFETSs eafalicated
on SOI and SOS processes with no additional cost. MESFET offersr highe
breakdown voltage comparing to MOSFETs fabricated on a same process.
Therefore more robust high power RF-PA can be designed using these devices.

SOI-MESFETs fabricated on different SOl and SOS processes wer
characterized from DC to 40 GHz. DC measurements demonstreé86X 2
breakdown voltage enhancement using MESFETs compared to MOSFHies on t
same SOI-CMOS process. The cost for higher breakdown voltagees tut-off
frequency. This trade-off was studied in this thesis and theRBES)eometries
were optimized to achieve enough RF gain as well as high breakdown volage. R
measurements showed that MESFETs can be used in power asmplferating
in the frequency range of DC-2.5GHz.

As the first step, the idea was validated using ADS simuldtoh For
that purpose, a TOM3 model was developed and validated for silicon MESFET
fabricated on a 45nm and 150nm CMOS processes through simulation of

measured devices. The nonlinear behavior of the model was testechpgiring
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the simulation and measurement results of a 433MHz Class ABMESFET
power amplifier.

The first demonstration of SOI-MESFET RF power amplifiers are
presented in this thesis. SOI-MESFETs on a 45nm process provideheRéug
gain for power amplifier applications below 2.5 GHz. The RF gambeafurther
increased by using a MOSFET device as the input transistor asd-BEIEas the
cascode device. A 1 GHz RF-PA using the proposed cascode strucsare
designed and simulated in ADS. Simulation results show ~75 % PAE4aiiin
output power. Several MESFET only RF-PAs were designed and measured
433, 900 and 1800 MHz. Peak PAE of 55% and output power of 22.5 dBm were
measured. To achieve higher efficiency and better linearity, MESKReed to be
characterized using load pull tuners.

SOI-MESFETs also have some advantages over MOSFETS in low drop-
out regulators. LDOs are used in polar transmitters to impttoesfficiency at
backed-off powers. Polar transmitter introduces switching noisesh@nPA
supply node. To remedy this problem, a high speed and stable LDQuisetk
Depletion mode behavior of SOI-MESFETs makes it possible tovaeckeveral
hundred megahertz of bandwidth and decent stability at the sameTtimadea
was validated by designing and measuring an SOI-MESFET LDRIO3&0 MHz
bandwidth. The LDO was tested in an ET architecture driving a REESPA.
Measurement results show that the proposed ET transmitteriesatiSDGE

requirements. As a future work, the error amplifier can be irttedjian the same
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die as the pass transistor. Integrating the LDQO’s error aemphtlps achieving
better efficiency and wider bandwidth.

A novel polar transmitter architecture was also introduced intligsis.
The proposed polar transmitter uses the backgate voltage to cowtroltput
power. Efficiency performance versus output power were measured and compared
to a traditional class-AB SOI-MESFET RF-PA. The proposed tecienshows
~3X PAE improvement at 8-dB backed-off power. A low power, high dpee
envelope amplifier can be used in this architecture. In traditicogiply
modulated polar transmitter, a very high power and low noise ampdifreeeded.
This adds design complexity and result in lower efficiency comgdd backgate
modulated PT. More than 10% efficiency improvement was achieved dogpa
to supply voltage modulation by using a look-up table and pre-distortingphe
signal. This idea can be more developed by implementing an EE®R pol
transmitter. This task requires a high voltage low frequency qp-tombe

designed.
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APPENDIX A

ENVELOPE TRACKING TEST SETUP
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EDGE signals are generated in ADS using EDGE signal sougikenf
N8241A arbitrary waveform generator was used to generate theopav&pnal
and the Agilent E4432B was used for up converting the baseband EBGEQ
signals. Two differential, high speeds, high resolutions digital ahalog
converters (DACS) are placed in this signal generator. Thplsanirequency of
N8241A is fixed to ~625 MSPs. The EDGE signal generated in AB®hig 8X
oversampling ratio. Therefore, we up-sampled the envelope sigraafdmtor of
300X and passed it through a low pass filter to achieve act@malog signal for
the envelope path. This task was done using interpolation command lab Mat
Data generated in ADS are taken into Matlab for scaimg) formatting. An m-
file was used to scale EDGE signal to signal generator€ Bahge. The m-file
script is shown at the end of this section.

Another consideration in the test setup was synchronizing the twal sig
paths. N8241A have markers output and we used them to trigger the E4432B.
Basically, N8241A outputs a pulse on the marker port, which shows that the
frame is finished and re-triggers E4432B. The delay assoacidtiedables should
be manually tuned. N8241A Control Utility software, available on el
website, was used to load the data into DACs memories. E4432Bowaslled
by ads in software from Agilent that works on Microsoft Excel.

All the signals should be scaled to the DACs output levels. @ibiswas
done by the m-file script shown below.
a=EDGE_Envelope(1:16384); % import data from ADS

a=a*2-1;
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NP=16384*300; % increase the number of points by 300X for upsampling
a=interp(a,300); % upsample and low pass filter the edge envelope
b=a*0+1;

%b=(abs(sin((276)*(samples)/(NP)*2*pi)));%*0+1,;

mkr1=0;

mkr2=0;

%a=min(a,16383);

%a=max(a,0);

i=a,;

q=b;

scale=1,;

mx = max([max(abs(i)) max(abs(q))]); % scale data to the DACs range
scaleint = round(8192*scale)-1

i = i/mx*scaleint + 8191; % Make 14 bit unsigned integers

g = g/mx*scaleint + 8191,

i=round(i);

g=round(q);

i = min(i,16383); % Just to be safe

i = max(i,0);

g = min(q,16383);

q = max(q,0);

i=double(i);

g=double(q);
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size(i)

i(1)=i(1)+mkr1*16384+mkr2*32768; % Set markers to begin segment
fk=fopen('c:\\ESG\sine_ AWG_q2.bin','wb"); % N8241A takes .bin format
cout=fwrite(fk,q,'int16");

fclose(fk)

fk2=fopen('c:\ESG\sine_ AWG _i2.bin','wb")

cout=fwrite(fk2,i,"int16");

fclose(fk2)

plot(b)
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