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Abstract

This research work aims to gain understanding of the power amplifier (®&pting as a linear
PA under low power drive conditions and as a switch-mode PA in high pdvise conditions
both with the same Class-E load. Two approaches were taken here. FEirstipalytical ap-
proach was developed to investigate the switching operation of conveln@itass-E amplifier.
The model used in the analytical approach takes into account the ndrswd&zh resistance,
finite dc-feed inductance, finite loaded quality factor, and arbitrary switdi-cycle. This ap-
proach presents an accurate closed-form expression for modelisgrElpower amplifier. Us-
ing this approach, the frequency response of conventional Classv&r @mplifier was studied

in detail and the impact of the loaded quality factor and finite dc-feed indcetan the broad-
band performance was analyzed. It shows that the Class-E PA witlemiiowal load network
cannot provide stable output poweftieiency, and reliable operating voltage conditions across
a broad frequency bandB > 40%). In addition, study of the load impedances of the amplifier
indicates that the Class-E PA is sensitive to the load phase angle at furtdafrexsjuency.

In the second approach, a purely linear voltage-control curremtsouvas constructed numer-
ically as a way to represent the transistor. Based upon that model, theno®loé non-ideal
drive signal on the switching operation was studied. It shows that thermawplifier with finite
dc-feed inductance is tolerant to a non-ideal drive signal. For the middadl times of 25%T,
only 5% drop in drain ficiency was found for the optimum finite dc-feed inductance. The
performance of that model in linear operation was also investigated. Sbksagree with the
classical theory for linear power amplifiers.

The linearity (intermodulation distortion and 1dB compression point) was arthlygeising

a realistic transistor model (an extended drain NMOS). It shows that thes-Bldiased PA
with finite dc-feed inductance can provide not only similar IMD3 feature a®gtimum Class-
AB biased PA with RF choke does, but also highiciency simultaneously. Based upon this
device, a systematic design process was applied to implement a broadbaatitigncy Class-

E PA. The PCB for this broadband higffieiency Class-E PA was fabricated. Good agreement
was found between the simulation and measurement. The measurements irtliziatiee PA
achieves a drainfgciency> 67% and a PAE- 52% with a Pout- 30dBmfrom 560-1050MHz,
where the output power variation is within 1.0dB arfllaiency variation is within 13%. The
highest #iciency is observed at 700MHz from a 5.0V supply with peak dréigiency of 77%
and peak PAE of 65% at 31dBm output power and 17dB power gain. n\Wkig dynamic
supply modulation, the PA achieves a PAE of 40% and a dféiciency of 60% at 10dB power
back-df across the frequency band 500MHz to 1100MHz.
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Chapter 1

Introduction

1.1 Motivation

In wireless communication systems, power amplifiers (PAs) are considekay &locks which
have a great influence on the power levéicgency, linearity and cost of the transmitter system.
High-efficiency and high-linearity power amplifiers are always of great intemgstiésigners.
Unfortunately, &iciency and linearity usually conflict with each oth&}{R]. For example, con-
ventional linear PAs such as Class-A, Class-AB, and Class-B PAsdmat linearity but low
efficiency no matter in terms of pealfieiency or averagefciency at power backfh On
the contrary, the switch-mode PAs like Class-D and Class-E have Higltercy, but they are
usually nonlinear in nature. To overcome the conflict, various transmitteitectures with im-
proved averagefciency and intermodulation distortion (IMD) have been proposed. Aepites
three architectures have already shown attractive results, namelyy switage modulation-
based methods like envelope tracking (ET), envelope elimination and imto(BER) and
polar modulation, load modulation-based concepts like Doherty, and linedifiaatfpn using
nonlinear components (LINC)-based concepts like outphasing. Forutiphasing concept in
[3], mixed-mode operation of Class-B PA was proposed to enhance thagaveficiency in
power back-& operation. Figl.1shows the fiiciency as a function of normalized output volt-
age for a pure Class-B amplifier, outphasing amplifier, and a mixed-modkasitg amplifier.
For intermediate and high output power, saturated Class-B mode is usiel fovithe very
low output power normal Class-B operation is employed to improve filidency. When the
Class-B amplifier delivers the saturated output power, it can be rejasia switch. Hence,
the operation mode of this amplifier alternates between switch-mode and linearimtds
system.
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Ficure 1.1: Mixed-mode outphasing amplifier

In addition, the coexistence of various wireless communication standaydise® that the user
terminal can cover the multi-mode multi-frequency operations. For the systngsamplitude-
modulation signals, for instance, wideband code division multiple acces®M¥g, the am-
plitudes of signals are modulated to carry more information. Linear power aenpléie needed
for these systems. In contrast, the global system for mobile communicati@id)(énd gen-
eral packet radio service (GPRS) systems apply constant amplitudésqggjn&aturated power
amplifiers are employed in these systems to increase fiteéeacy. Therefore, multi-mode
multi-frequency power amplifiers operating as a linear amplifier for amplitudgdiaton sig-
nals and at the same time as a saturated or switch-mode amplifier for constéintdergignals
are highly desired.

These applications motivate us to investigate the hybrid-mode power amplifieh wherates
as linear-mode or switch-mode PA forfldirent purposes in order to understand the trdtle-o
between the linearity andteciency.

1.2 Thesis Research Goal

To analyze the performance of switch-mode power amplifier, simple switch medetausually
used as a starting point to simplify the transistor mo8gl These simple models are helpful,
but do not represent the real RF operating conditions due to many assusipade at the very
beginning. Therefore, many of the design tradiis-assumed based upon the simple models are
not correct in practice. Furthermore, the simple switch models cannotdeetosnalyze the
linear operation of the power amplifier because of the discontinuity of swésistance in the
models.

Therefore, the main objectives in this thesis are
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1. to analyze the properties of Class-E power amplifier operating in switdemolinear-
mode,

2. to design broadband higlfieiency CMOS power amplifier.

The end product of this thesis will be a hardware that can demonstratgthefiiciency feature
over a broad frequency band.

1.3 State of the Art Review

To the best of the author's knowledge, there is little published work onidwbode power
amplifier. In @], a multi-mode Class-AB- power amplifier was implemented to operate for
both IS-95A CDMA and PCS 1900 GSM signals. The circuit topology isdapen that of the
Class-F amplifier. The mode of operation is set by the base bias. An intetmédidamental
load is selected to achieve both the Class-AB and Class-F operationsvéfotie topology of
Class-F amplifier is quite complex to implement. Bj,[a dual-mode (CDMAAMPS) power
amplifier was implemented by using SiSeHBT process. Some simulation and measurement
results were given with very simple design approach. It seems that hohasrbeen published
on a comprehensive analysis of hybrid-mode power amplifier based @s-Eléopology. It

is worth investigating how the load impedances and gate bias voltége ¢he linearity and
efficiency.

In this thesis, broadband Class-E power amplifier is also a very importajetcsuRecent works
have demonstrated a higlfficiency (more than 70%) Class-E power amplifier in broad fre-
guency range (more than 20%).

Many researchers have applied the reactance compensation technigsigtotie broadband
Class-E amplifier. InT], a drain dficiency of 74% at 8W operating power and power flatness
of 0.7dB were achieved across bandwidth of 135 to 175 MHz with a sumigtge of 7.2V by
using the conventional output load network. A low loaded quality factorwsasl to realize the
broadband application. In fact, the load impedance used in this paperspecial case of many
solutions, which corresponds to maximum output powet (L.412) [B]. In [8], a double reac-
tance compensation load network was designed to provide a wider bandWiddsimulation
results show that an octave-band (100-200MHz) power amplifier, wighdidput power flat-
ness and drainficiency of about 70% can be achieved. Jager applied this techniqueigo des
multi-band and multi-mode handset power amplifiers for DCS1800, PCSIEDP|A2000,
and WCDMA [9]. By using InGalRGaAs HBT technology, a Class-E power amplifier with gain
of 22.5dB, output power more than 30dBm and high power addedency (PAE- 50%) was
obtained from 1.6GHz to more than 2GHz.
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In[10Q], Everard proposed a new topology placing an inductor in parallel witkhhat capacitor
to present the constant load angle over a broad bandwidth. A 35% mthdwmith 60% drain
efficiency over the band 130MHz to 180MHz was achieved.

In [11], Lie compared and discussed thEeets of high breakdown and high-8iGe transistors
on the Class-E power amplifier. It shows that the output power of thefkidt# at higher fre-
guencies is 1-1.5dB larger than that of high-breakdown PA. The émgyuresponses of PAE and
gain of the high-f PA from 500MHz to 1200MHz are much flatter than that of high-breakdown
PA. However, the peak PAE of high-breakdown PA is 4% higher tharofifaigh-fr PA.

In[12], a third-order Butterworth bandpass filter was applied to design bevatiBlass-E power
amplifier from 600MHz to 1000MHz. The optimum load was obtained by usintpém$source-
pull simulation. By using GaN HEMT transistor, more than 33W output power aitiin
efficiency of 66% or better was obtained over all the band.

In [13], a cascode Class-E power amplifier has been introduced to allow a higipy soltage
without enhancing the device stress. To obtain a broad frequency odiogeration, a relatively
low quality factor has been used both in the driver and PA output netWirdkmeasured results
show that a PAE of more than 60% over the 1.4-2GHz was achieved.

In [14], Qin employed a broadband Class-E power amplifier by using a low cdsMAHlevice.
A 5% improvement in PAE was found for open circuit termination of 2nd, 3idi4th harmon-
ics, as compared to using 50 ohm load. With the conventional Class-E doguubetwork, a
bandwidth of 34.8% was achieved from 1.52GHz to 2.16GHz with more thanP8&6 The
peak PAE of 72.1% was obtained at 1.95 GHz. The variation of PAE in the iseabout 20%.

In [15], a compact broadband Class-E power amplifier was implemented by uskdi&IT
transistor for base stations. It shows that the 2nd harmonic input tunimgngarove drain
efficiency by 8%. Good broadband performance is observed from 2.0&25GHz with drain
efficiency of more than 74% and PAE71%.

Table1l.1 summarizes the state-of-the-art in terms of flatness of output power, effi@iency,
power added féiciency and output power in radio frequencies band. The topologiestptib
load network used in these papers are shown inER.

1.4 Thesis Organization

This thesis is divided into two major parts: theory and implementations.
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TasLe 1.1: Summary of published broadband Class-E PAs

Ref/Year BW AB | APy | Pout n PAE | PAEsx | Technology | Topology
(GHz) | (%) | (dB) | (dBm) | (%) | (%) (%)

[8]2001 | 0.1-02 | 66.7| <10 | >40 | >70| NA. | NA. LDMOS | Fig.1.2(b)
[11]2006 | 0.5-1.2 | 823 | <30 | >17.2 | NA. | >50 70 SiGe Fig.1.2(a)
[1212009 | 0.6-1.0 | 50 | <17 | >452 | >66 | >619 | 80.6 GaN Fig.1.2(d)
[132005 | 1.4-20 | 353| <10 | >22 | NA | >60 67 CMOS | Fig.1.2(a)

[14] 2004 | 1.52-2.16| 348 | <20 | >20 | NA. | >50 72.1 PHEMT Fig.1.2(a)

[9]2003 | 1.6-20 | 222| <10| >30 | NA. | >50 | 55 | InGaRGaAs| Fig.1.2(c)

Rox

[152009 | 2.0-25 | 222| <25| >38 | >74| >71 74 GaN Fig.1.2(a)
Ll C] L] 1
J | y |
T Cas % L Ry EE T Cas § L G L § R, EE
Ron Rorr Ron Rorr
+ <
(a) (b)
Ly L, Cwi Ly Lg Lg; Cs

% %R = Cys §LM1 §LM2 §Lp2 = Cp, EE 50 ohm

% = Cys § L Ci+ G= RLEE %
Rorr RON
<

+
(© (d)

Ficure 1.2: Topologies of output load network for broadband CEgswer amplifiers

e Chapter 2 aims to give a general overview of power amplifiers. It will inioedsome
important definitions that characterize a power amplifier. Then, a briefrigésn of
classification of RF power amplifiers is given.

e Chapter 3 presents the comprehensive analytical derivation of ¢eblass-E model.
This analytical model takes into account the non-ideal switch resistanite, dic-feed
inductance, finite loaded quality factor, and arbitrary duty-cycle. Theemnooimbines
all possible operation modes of Class-E power amplifier together: optimunsw@nd
optimum operation. From the analytical solution, the required load impedaiticeew
found. The influence of the load impedance on tfieiency, power-output capability and
drain voltage and current waveforms will be discussed. In addition, riteedband char-
acteristics of conventional Class-E output load network are investigdthdive loaded
quality factor, dc-feed inductance and duty-cycle as parameters.

e Chapter 4 builds up a purely linear transistor model to link the input driveakignd
transistor behavior. Thefects of a non-ideal drive signal (i.e. square wave with 10% rise
and fall times, sinusoidal wave) on the switch-mode operation are investigatie the
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dc-feed inductance as a parameter. Using this linear model fiiheteof gate DC bias
voltage on the 1dB compression point arfilicency of linear operation are analyzed.

e Chapter 5 analyzes the switching and linear operation of a real tranggten@led drain
NMOS). The dfects of finite dc-feed inductance and gate bias voltage on the linearity
are discussed. In addition, a systematic design approach for brah@bass-E power
amplifier will be presented, and the post-layout simulation for the proposetiband
Class-E power amplifier will be shown here.

e Chapter 6 presents the measurement setup and measurement resulEségpioroad-
band Class-E power amplifier. Th&ects of dynamic supply modulation on the power
added éiciency are verified.

e Chapter 7 concludes the thesis by giving some suggestions on the futik.e wo



Chapter 2

Background

This chapter presents the main fundamental concepts of RF power ampHiests some key
parameters of an RF power amplifier are defined, as they will frequentigdzkin the following
chapters. Then, an overview offidirent power amplifier classes of operation is described.

2.1 Parameters of Power Amplifiers

Power amplifiers are key elements to build a wireless communication system. fehageal
to amplify the signal being transmitted so that it can be received and decdtednain per-
formance parameters for a power amplifier are the output power that dedever, power gain,
efficiency, and linearityZ][ 16][17][18][ 19].

2.1.1 Output Power

Consider the basic circuit of Fig.1, the output power is defined as the power delivered by the
power amplifier and flowing into the lodsl .

Voo

"ddl§ L

CB iout

. ]
Ids l
+ Output +

” I: load RL §
Input Vds network Vout
Pi, Network Vgs -

Ficure 2.1: Block diagram of power amplifier

7
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The instantaneous output power is defined as

Pout(t) = Vout(t) - iout(t). (2.1)

The total or average output poweg, is defined as

1 T/2
Pouttot = ? fT ) Pout(7) dr. (2.2)
=T/

In most cases, only the power at the fundamental frequency is degidgti@harmonics power

is suppressed to very low level. Thus, it is more meaningful to define aafoadtal average
output powerPqutf,- Assuming the fundamental output voltage is a sine wave with operation
frequencyfp and amplitude oV, the fundamental average output power is defined as

P _ Vo 2.3
ouLfo—z_RL- ()

The amplitudeVp can be obtained from the Fourier Series expansioRgft). In the following
text, the general term output power, denotedag, will be used to indicate the average output
power at the fundamental frequency.

2.1.2 Power Gain

To drive the power amplifier, a certain amount of RF input power at diperérequencyfo is
needed. The power gain at operating frequency is defined as

P
Gp = 100g10(5 ). (2.4)
n

2.1.3 Hficiency

A power amplifier is used to convert DC power from power source into &kep. Eficiency
is a measure of how much of the DC power source is usefully applied to the ampldutput
load. The DC power consumptid?pc is defined as

Poc = Vbp - lpp. (2.5)

wherelpp is the dc component of Fourier Series expansioiygt). The drain or collector
efficiencyn is defined as
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Pout
= . 2.6
= B (2.6)

To account for the power gain of the power amplifier, the Power Addédiéncy (PAE) is a
more practical measure and it is defined as

PAE =

(2.7)

Il
=
~

=
I
d

If the power gain is sfficiently high, the PAE defined in E2.7 becomes equal to the drain
efficiency.

2.1.4 Power-Output Capability

The power-output capabilitg, is useful for comparing dierent types of amplifiers, and is
defined as the output power produced when the device has a pealodcaitector voltage of
1 volt and a peak drain or collector current of 1 ampere. Assuming the maxiinain voltage
in Fig.2.1is Vps m and the maximum drain currentliss v, the power-output capability is given

by

Pout
P~ Vpsmlpswm (2.8)

2.1.5 Linearity

In the communication systems (W-CDMA, WiIMAX, W-LAN), the transmitted signadseh
varying envelopes. In order to amplify these signals, the power amplifiess mawve sfficient
amplitude linearity. The third-order intercept point (IP3), adjacent chbpower ratio (ACPR),
1dB compression point, and harmonics suppression are various meguanifying linearity
of power amplifiers.

The 1dB compression point (P1dB) of a power amplifier indicates the optpuér level that
causes the gain to drop by 1dB from its small signal value. The 1dB cosipngsoint of the
amplifier with a third-order nonlinearity is illustrated in F2g2 The third-order intercept point
(IP3) is the point where the third-order term as extrapolated from smalikognditions crosses
the extrapolated power of the fundamental. ACPR is defined as the ratiovef poa bandwidth
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Ficure 2.2: 3rd-order intercept point and 1dB compression poifindiens.

away from the main signal (the distortion product) to the power in a bandwiltirvthe main
signal.

2.2 Power Amplifier Classification

For the power amplifier shown in Fg1, the MOS transistor can be operated][

e as a dependent-current source;

e as a switch.

When a MOSFET is operated as a dependent-current source, thstransist be operated in
the active region or the saturation region. The drain-to-source volfggeust be larger than
the overdrive voltag®ys— VrH, whereVry is the transistor threshold voltage determined by the
characteristics of the active device. The drain curtggind the drain-to-source voltalyygs are
determined by the gate-to-source voltageand the transistor biasing point. The magnitudes of
lgsandVysare nearly proportional to the magnitudeMgk. The transistor produces an amplified
replica of the input voltage or current waveform, and provides anrateveproduction of both
the envelope and the phase of the input signal. Therefore, this typestdtam is suitable for
linear power amplifier which is required to amplify amplitude modulated signals.

When a MOSFET is operated as a switch, the transistor is operated in ther&ipoe or linear
region when the transistor is conducted and in thef€agégion when the transistor is shut down.
To maintain the MOSFET in the triode region or linear region, the drain-toesounltageVys

is less than the overdrive voltadgs — VrH. When the transistor is operated as a switch, the
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Voo
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Ficure 2.3: Linear power amplifier schematic.

magnitude oflygs and Vys are independent of the magnitude \¢fs. The transistor output is
represented as a non-ideal single-pole single throw switch: the ONamestsmay be non-zero,
the OFF-resistance may be non-infinite, and the turn-on and ttiswatching times may be
non-zero. As the switch is cyclically operated at the desired operatigudrey, DC energy
from the power supply is converted to RF energy at the switching freguemt harmonics.

2.2.1 Linear Power Amplifier

For linear power amplifier, the MOSFET is operated as a dependentitaogrce. The classifi-
cation of this type operation is based on the conduction angle of the draanturig2.3shows

the classical linear power amplifier topology. The optimum resistive Raig in parallel with

the harmonic trap&p andLg) which is used to remove the unwanted harmonic components. The
dc-feed inductor is usually an RF choke, and capaéitois used for ac coupling. The DC gate
bias voltageVys determines the conduction angle of the drain current. If the maximum linear
input range is/gs v, the gate bias voltagéys = (Vesm+ VTH)/2 corresponds to Class-A mode
where the conduction angle of drain current is 3@8or Class-A mode, the gate-source voltage
is always larger than the transistor threshold voltage so that the draentisralways greater
than zero. When the transistor is biase¥g@t= VrH corresponding to Class-B mode, the drain
current conducts only in half of one period, and is zero for the rested. Thus the conduc-
tion angle of drain current is 18Gor Class-B mode. When the transistor is biased between
(Mesm+ VTH)/2 andVTy, the conduction angle is between 2&hd 360. This corresponds to
Class-AB mode. For Class-C mode, the transistor is biased B&lpwThe conduction angle is
less than 180 Fig.2.4 shows theVys andlqys waveforms of Class-A, B, AB, and C. The linear
power amplifiers have been comprehensively illustrated in many literatuegs.thle important
conclusions will be described.

From Class-A mode to Class-B mode, the conduction angle of drain cusresduced. The
overlap of drain current and drain voltage is also reduced. This réault® increase infé-
ciency. For Class-A with optimum load, maximurfiieiency of 50% can be achieved, while
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Ficure 2.4: Waveforms of the gate-to-source voltagg, and drain currenlys of (a) Class A,
(b) Class B, (c) Class AB, (d) Class C.
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Ficure 2.5: Class-F power amplifier

maximum dficiency of 78.5% can be achieved for Class-B. The maximum output pawer f
Class-A and Class-B is the same, but if the conduction angle is continuedsiged, the output
power will decrease. In addition, as the conduction angle decreasdwitimonic content of the
output signal increases. Class-AB represents a compromise betfliemney and linearity.

Class-F is a special type of power amplifier. Class-F power amplifier hasdanktwork which
resonates at one or more harmonic frequencies in addition to the fundarfnegteency[L9].
The addition of harmonics to the fundamental shapes the drain voltage tméesoapproxi-
mate square wave rather than sine wave with a consequent improvemetti gftogency and
output power. Fig2.5shows the configuration of a Class-F amplifier with a third harmonic res-
onator. The transistor is biased at Class-B maode, thus the output ceregmalf sine wave. The
resonatot_z andCs resonates atf3, wherefg is the fundamental frequency. Therefore the third
harmonic component is presented at the drain terminal which in turn leadedtaagular volt-
age waveform across the drain-to-source. The product of thengedta drain voltage and half
sine wave drain current is the power losses of the transistor. Sincewlss [asses are minimum
due to the shapes of the drain current and drain voltage,ftiugeacy is relatively high. The
theoretical iciency of a Class-F with third-harmonic resonator is 88.4%. The major &alyan
of Class-F PAs is given by the low peak voltage and rms current, that ysbesreficial from
the device stress point of view. However, although Class-F PAs featl®@% diciency in the
ideal case, Class-F power amplifier requires the complex output netémpksvide open and
short circuits at the harmonic frequencies. Consequently, it is genesatyin fixed-frequency
applications at UHF and microwave frequencies.
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Figure 2.6: Class-D power amplifier

2.2.2 Switching Power Amplifier

Switch-mode operation (Classes D, E, and F) of power amplifiers achidyesfticiency by
utilizing the power transistors as switches rather than linear amplifiers.

Class-D is an attractive power amplifier in low frequency. The schemati€Ctdss-D amplifier

is shown in Fig2.6. When M1 is turned on, M2 is turnedfoand vice versa. The output
voltage across M2 alternates between the supply and ground that formousig svave with a
50% duty cycle. The output load netwokl andCy is tuned to the fundamental frequency to
select the wanted component. The theoretifiatienct of Class-D is 100% because there is no
voltage across the switch when conducting and no current through tiem @f. No power
dissipates on the switches and hence all the power is supplied to the loacvétpaharging
and discharging of each drain capacitances once per RF cycle eaG$ass-D power amplifier
to become lessficient as frequency increases. Consequently, the use of Class-Desafg
limited to low frequencies.

Class E power amplifier is a highfesient amplifier used for RF applications. The basic circuit
of a Class E amplifier is shown in F&7. The main idea of the Class E RF power amplifier
is that the transistor turns on as a switch at zero voltage, resulting in zéahisy loss and
high dficiency. In fact, the parasitic capacitance of the switch can become past &fi other
words, the parasitic drain-source capacitance can become part ahfiigier circuit, which

is a huge advantage, especially in CMOS. The combination of the dc-feedtand. and the
L-C-R series-resonant circuit acts as a current source whosmntisl, — Ig. When the switch

is closed, the current — Ir flows through the switch. When the switch is opened, the current
I. — Ir flows through the capacit@;, producing the voltage across the shunt capa€liocand

the switch. Therefore, the shunt capacitr shapes the voltage across the switch. For the
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Ficure 2.7: Class-E power amplifier

nominal or optimum operation, the zero voltage switching and zero slop swgtclinditions
must be satisfied simultaneously:

Va(T) = O (2.9)
dVds(t)
s (2.10)

Class-E power amplifier has two main advantages: a) soft switching widcites the losses,
and b) simple circuit topology compared to other switch-mode PA classesewdonClass-E
power amplifier also has disadvantages: the drain voltage has a highgdaaldue to charging
the large output capacitance. But the sub-optimum mode can be appliedutte rkek peak
drain voltage at the cost of drop iffieiency. To maintain highf&ciency, using a high voltage
breakdown device is a good option to design the Class-E power amplifier.

In summary, the gate bias voltage, input drive signal, and the output |dadnkedetermines
the class of operation of the power amplifier. For a given power amplifieanitoperate in any
of the classical operating modes. For a small RF input signal, the amplifigsvoClass-A,
AB, B or C depending on the gate bias voltage. ThHency can be improved by biasing the
device near the threshold voltage but at the expense of higher harmaniedternative way to
increase fiiciency is to increase the input RF power so that the transistor works dtch.sBut
this leads to a non-linear amplifier in nature.






Chapter 3

Switch-Mode Class-E Power Amplifier
Analytical Modeling

Since Sokal 21] published the literature on highiiiency Class-E switch-mode tuned power
amplifier, many analytical studies of this circuit have appeared. Early sembssumed an ideal
switch, an RF-choke in dc-feed network, an infinite loaded quality faatat,50% switch duty-
cycle. The #ects of switch resistanc@Z][ 23][ 24][ 25], finite dc-feed inductance&p][26][27],
finite loaded quality factorg2][26][28], and arbitrary switch duty-cycle2B][24][28] on the
output power and féiciency were investigated later. However, none of the abovementioned
techniques include all aspects of the Class-E circuits in one analysisntBeaenew analyt-

ical modeling method for Class-E PAs was presented by M. Agid29[30][31] and D.A.C.
CortesB2). This method is based upon design equations, that make it possible to design
Class-E PA by only specifying the supply voltage, frequency, proaedsoutput power of the
PA. In the analysis, the switch resistance, finite dc-feed inductance,l6aied quality factor,
and arbitrary switch duty-cycle can be all taken into account. In this chaptgeneral model
covering optimum Class-E modaJ] and sub-optimum modes (variable volta@®][and vari-
able slope 30]) will be developed based on this new method. This general model comddines
the Acar’s and Cod#s’ work and also expands by the bandwidth characteristic of convahtion
Class-E topology. Furthermore, it will show the required load impedandesmidamental and
harmonic frequencies. Based upon this model, tfeces of the variations of load impedances
on the performance of switch-mode Class-E power amplifier will be given.

3.1 Analytical Derivation of Class-E Power Amplifier Model

In this section, the detailed mathematical derivation of the Class-E power amitfienfinite
and finite loaded quality factors is presented.

17
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Ficure 3.1: Class-E amplifier. (a)Basic circuit. (b)Equivalerrtait.
3.1.1 Circuit Description and Assumptions

The general Class-E PA is given in FBJL It consists of an active device operated as a switch
at the switching frequencfp, a seriefR-L-Ccircuit, a dc-feed inductdr, and a shunt capacitor
C, which may be partly or wholly made up of the parasitic shunt capacitance ofetfice. The
combination ofLg and Cy forms a harmonic filter that is tuned to the switching frequency of
the amplifier. The value of the load resistafgewill mainly determine the output power level.
The shunt capacito€, dc-feed inductolL and excess reactaneewill mainly determine the
operation mode of Class-E amplifier.

The analytical derivation of the equations considers the following assunsfijo

1. The real power dissipation in the circuit only occurs on switch resistafgn andRorr)
and load resistandg, .

2. The loaded quality factd®g of the series resonant circultf andCp) is high enough in
order for the output curremk to be sinusoidal at the switching frequency.

3. In Fig.3.2the switching action of the active device is instantaneous. The switch is closed
in the time interval 0< t < d - n/w, whose resistance Roy. In the time interval
d-n/w <t < 2r/w the switch is opened whose resistancBdgr. Note that the value of
d determines the switch duty-cycle. For instargte;, 1 corresponds to conventional 50%
switch duty-cycle.

Analyses of the sub-optimum operation, Variable-Slope (Clag9-&nd Variable-Voltage (Class-
Evv) Class-E amplifiers, are presented 28][and [30]. In these literatures, it has been shown
that the variable-slope Class-E operation of finite dc-feed inductanaesalising significantly
larger switch size while the variable-voltage Class-E operation can obtaém mak drain volt-
age feature. To analyze sub-optimum operation and conventionatiopesanultaneously, the
Class-E conditions become
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Vc(t)

o

Ficure 3.2: General drain voltage and current waveforms

21
Ve(=) = aVpp (3.1)
w
dve () = wVppk (3.2)
dt  l=2r/w

whereaVpp is the voltage oV (t) at the moment the switch is closadyppk is the slope of
Vc(t) at the moment the switch is closed. For conventional Class-E operatio® andk = 0.
For Variable-Voltage operation (Class+g, @ # 0 andk = 0. For Variable-Slope operation
(Class-Ks), k # 0 anda = 0. Fora # 0 ork # 0O, it is also known as the sub-optimum
operation B3]. @ andk are real values that can be selected freely and therefore giveedagjre
freedom in the design Class-E PA.

The mathematical approach and the equations used to obtain the resultsighisrthesis are
presented in following two sections. In Secti8ri.2the equations of Class-E amplifier with
infinite loaded quality factor will be derivetl For the case of finite loaded quality factor, the
equations will be given in Sectidh1.3

3.1.2 Derivation of Class-E Amplifier Equations with Infinite Loaded Quality
Factor

Since the loaded quality factor of the output series resonant citguér(dCy) is assumed to be
infinite, the output currenz is sinusoidal.

1Sectior8.1.2refers to the work in%][32].
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Ir(t) = IrSIN@WL + ¢) (3.3)

In the time interval O< t < d - 7/w, the switch is closed. Applying the Kirchfis current law
(KCL) at the switch, we can get

Isor(t) = lLon(t) + IR(t) — lcon(t), (3.4)
where
5ot = 22 35)
t
lon®) = T fo (Voo = Veod(®) dr (3.6)
_ dVCon(t)
lcon(t) =C T (3.7)

Substituting Eq®R.3, 3.5- 3.7into Eg3.4 and taking derivative we get

szCon(t) 1 dVCon('[) Vbp — VCon(t) wlr _
e + RonC dt C - coswt + ¢) = 0. (3.8)

In the time intervad - 7/w < t < 21/w, the switch is opened. The currdpft) flowing through
the dc-feeding inductdr can be written as

1
lLoff(t) = —

t
Lf (Vbp — Veot (7)) dr. (3.9

dr/w

The currentis(t) flowing through the switch is

Veot f(t)

I t) = ) 3.10
sof(t) Rorr (3.10)
The current¢(t) flowing through the capacitd® is
d\V, t
lcotf(t) = CLf()- (3.11)

dt
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Substituting EqR.3, 3.9 - 3.11into Eq3.4 and taking derivative we can get theffdrential
equation when the switch is opened

d?Veor (1) 1 dVcort(t) Vbbb —Veoff(t) wlr
— -— t =0. 12
dZ RoreC dt LC c coswt+¢)=0 (3.12)

The two diferential equation8.8and3.12describe the Class-E amplifier in terms of indepen-
dent component values. To relate these components, new parametefirzed:

Mon = wRoNC (3.13)
Mot t = wRorrC (3.14)
9=~ JE (3.15)
p= (()/ELR (3.16)

With the parameters defined313to 3.16the diferential equation3.8and3.12can be rewrit-
ten as:

szCon(t) w dVCon(t) _

2 2 _ _ 2 =
i et~ Fe (Voo — Veo) - pwVpp costut +4) =0 (3.17)

dZVCoff(t) N w dVcor(t) B

di2 Morr dt q?w?(Vop — Veor (1)) — Pow?Vpp Cost + ¢) = 0. (3.18)

The equations d3.17and3.18are linear, nonhomogeneous, second-ordéeidintial equations.
The their general solutions are given by:

12 (71+ Vi-a qzmonz)m 1 (1+ Vi-2 qzmonz)wt
Vceon(t) = Conle Ton + Con2e Ton + Vpp +

VopPPiMon (Mon (0 — 1) cOs(wt + ¢) + sin(wt + ¢))

1+ (-2 + Dmos? (3.19)
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L (3 VIR i VTRt
Veorf(t) = Coffle” maf +Cof2e 2w 4+ Vpp +

VopPePMos (M (62 - 1) cos(wt + ¢) + sin(wt + ¢))
1+ (g* - 202 + 1) mgf?

(3.20)

As can be seen iB.19and3.20for each solution there are two unknown const&xsil, Cor2

or Coffl, Cof f2. These constants can be solved by using boundary conditions. W& th
constants are solved, the Class-E model will be described without theiegptigponent values.
The properties of the Class-E amplifier (i.e. drdiiiogency, output power, waveforms, ects) will
be obtained without specifying any component value. This is one of satyes of this analytical
modeling.

The codficientsConl andCor2 in Eg3.19can be solved from the continuity of the capacitor
charge and inductor flux at= 0,

C - Veon(t)li=o = C- VCoff(t)|t:2ﬂ/w (3.21)

L Ion®heo = L+ 1o 1(9)] . (3.22)

Substituting the Class-E conditi@ilinto capacitoiC charge continuity equatioB.21yields

Veon(Hli=o0 = @Vbp (3.23)

The inductorl flux continuity equatior8.22can be simplified by substituting the equati@?3
- 3.7,3.10- 3.11, and Class-E conditiors1- 3.2into the equation. It yields

dVcon(t) — WVopk + aVppw ~ aVppw

3.24
dt  li-o Mo f Mon ( )

By solving the above two equations, given By23and3.24 the codicientsConl andCor2
can be found in terms df, d, a, k, Mon, Mot ¢, VoD, w, P, ande¢. Therefore, the expression of
switch voltageVcon(t) in 3.19can be also described by these parameters.

Similarly,the codicientsCof f1 andCof f2 in Eq3.20can be solved from the Class-E condi-
tions att = 2r/ w,

2
VCOff(Z) = aVpp (3.25)
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dVeorf(t)

T = wVppk. (3.26)

t=2r/w
Hence, the cd@icientsCof f1 andCof f2 can be found in terms af, d, a, K, mgn, Mosf, w,

Vbp, P, and¢. The expression of switch voltadé ¢ ¢(t) in Eq.3.20can be also described by
these parameters.

So far, the switch voltage¥/con(t) andVeot£(t), have been determined in termsgpfd, «, k,

Mon, Mot f, @, Vpp, P, ande¢. The supply voltag&/pp, the operating angular frequenay, the
technology-frequency related parametexs andmy¢; are assumed to be known a priori. The
duty-cycled, the variable-voltage parameterthe variable-slope parameterand the normal-

ized resonant frequengyhave the physical meanings and could be set for the specific behavior.
The initial phasep and the parametqy are intermediate variables, and will be expressed as a
function of the other parameters by using the continuity of the capacitogetzard inductor

flux att = dr/w,

C - Veor®)lh=dr/w = C - Veor f(t)]_gs., (3.27)

L- |Lon(t)|t=d7r/w =L |Loff(t)'t:dﬂ/w- (3.28)

All calculations of above equations are done by MAPLE. The detailedsc@dpresented in
Appendix.

To this point, the obtained analytical solutions for switch voltages are onlietkta the param-
eters ofq, d, a, k, men, My, w, andVpp. Infinite solutions are existing due to the freedom
in the values of dc-feed inductor, the switch duty-cycle, the variable-g®léad variable-slope.
For every real value of these parameters there is a solution for switclygolta

The analytical solution and the circuit component values of Class-E moelekkated by the
design seK [5]. The elements of design sktare defined as:

wl

K= & (3.29)

Kc = wCR. (3.30)

Kp = m (3.31)
VDD

Ky = = (3.32)
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The expression dk_ can be derived by using the principle of power conservation,

PouT + Pswitch = Ppc, (3.33)
wherePgyT is the output power delivered to the I0BRd; Psyitchis the power loss in the switch;
Ppc is the power from the DC-supply.

The output powePgy is equivalent to

2R,
PouT = RT (3.34)

The power loss in the switcRsyitch is equivalent to

du/w \/2_(t) 2r/w V2. (1)
w Con Coff
Pswi =—f dt+f dt). 3.35
switch 271( 0 RON i/ ROFF ) ( )
The DC-supply powePpc is equivalent to
Poc = Vbblo (3.36)
dr/w 21/ w
= Vpp=— f dt + dt). 3.37
DD27T( 0 Ron drjw ROFF ) (3:37)
From the Eq8.34- 3.37the K| can be expressed as
wl
KL = —
L R
_ P*Va5
~ 2wlLPout
B P*Vo
2wL(Ppc — Pswitch)
22 o2
- P Yoo ™ (3.38)
a /e Voon®)Vop—V2 Voot 1(t)Vpp-V2 ' '
w(fod /w Vo (t)VrI:En Veon(® dt + di’;{u cot1(t) rr[::f Cor 1) dt)
The K¢ andKp can be expressed as functionikqf. This is,
K CR. ! (3.39)
= = .
¢ o?K
2
Kp = POUTRL _ P° (3.40)

2 2
Vip 2Kf
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The Ky can be found by using the two fundamental quadrature Fourier comysoofary (t)

dr/w 21 /w
VR = %(f Veon(t) sin(wt + ¢) dt + f Veotf(t) sint + ¢) dt) (3.41)
0

dr/w
1 dr/w 21/ w
Vx = —( f Vcon(t) cost + ¢) dt + f Veoif(t) cost + ¢) dt) (3.42)
T Jo dr/w
Vx
Kx = —. 3.43
x= v (3.43)
The drain éficiencyn can be expressed as
I:)switch
= 1 >V
7 Pbc
dr/w V2 (0) 21 /w Vot 1)
-1 fO %’bn dt+ dr/w  Mott dt (3 44)
- - fd”/w Veon(t)Vop dt+ f2ﬂ/w Veor1(t)Vop dt )
0 Mon dr/w Mot

Sincep andg¢ both are functions odj, d, a, K, Mg, Mot t, w, andVpp, K, Kc, Kp, Kx andn are
functions ofq, d, «, k, Myn, Mot t, w, andVpp.

3.1.3 Derivation of Class-E Amplifier Equations with Finite Loaded Quality Fac-
tor

In Section3.1.2 the loaded quality factofq of output series resonant circuiy and Cp in

Fig. 3.1is assumed to be infinite. Only fundamental current is flowing through therésastor.

In this section, the analytical solution in the previous section is extended & twy dfect of

the finite loaded quality factor as well. An extended model has been dedeio@diow more
accurate prediction offfects of the finite loaded quality factor. The purpose of this section is to
derive the analytical solutions of the Class-E amplifier at@gyThe circuit for this derivation

is shown in Fig.3.3. The excess reactaneein Fig. 3.1 has already been absorbed itpor

Cs. If the Ky solved by the E@.38is larger than zero, th¥ shows inductive reactance. It will
be absorbed into the inductbi. For this caseKx > 0), the loaded quality factor is defined as

wlq _ w(Lo + Lx)

QL= R R

= QO + Kx (345)
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Ficure 3.3: Class-E amplifier with finite loaded quality factor

T wCiR. T wCoR.

Qc Qo (3.46)

where Qg is a finite loaded quality factor dfy or Cp. If the Ky is smaller than zero, th¥
shows capacitive reactance. It will be absorbed into the capdgitoFor this caseKx < 0),
the loaded quality factor is

_ le _ wLo _
QL= R "R Qo (3.47)
1 1
Qc Qo — Kx (3.48)

- wC1RL - w(Co + CX)RL -
Applying the Kirchhdt’s voltage law (KVL) at the switch, we can get
Vop = V(1) + Ve(t) = VL() + (Via(t) + Vea(t) + V(). (3.49)

Applying the KCL at the switch, we can get

1L() = Is(t) + I (t) + IR(D). (3.50)

In the following derivation, the currents and voltages will all be expréaséerms ofVc1(t) in
order to solve the Eg3.49and3.50

The currentig(t) flowing through the capacit@®; is equal to

dQcu1(t) _ c dV01(t)‘

Ir(t) = i (3.51)
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The voltageV| 1(t) across the output inductay is equal to

o, dir(t) d?Vea(t)
Vi) = Ly e L1Cy a2 (3.52)
The voltageVg(t) across the output resistBr is equal to
V.
Vr(t) = Ir(RL = c,r Der® (3.53)

dt

Therefore the switch voltagé-(t) can be expressed as the summatiolaft), Ve andVg(t),

VC (t) VLl(t) + VCl(t) + VR(t)
d?Vea(t)

dt?

dVea(t)

= LC
1L1 at

+ VCl(t) + ClRL

. (3.54)

The current¢(t) passing through the capacit@rcan be found by taking derivative ®&(t) in
Eq3.54

dVe(t)
Ict) = C
c(t) at
d*Vea() | ~dVe(®) d?Vea(t)
= CL]_C]_ a6 +C dt + CC]_RL ae . (3.55)
The currents(t) flowing through the switch resistarfcBs
V()
1 d?Veq (1) dVea(t)
= R—S(L]_Cl dtz + ch_(t) + C]_RL dt ) (356)

Summation of g(t), Ic(t) andls(t) will result in

2We useRs to replace thdRoy or Rogr in derivation at the beginning. ForfErent time interval, th&s will be
replaced by corresponding switch resistance.

27
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[R(t) + Ic(t) + Is(t)
d3Vc1(t) L1C1+CC1R|_RS dZVC]_(t)
cL,C
G Rs T
CiRL,dVea(t)  Vea(t)
+(C+Cy+ RS) ot + Rs

IL(t)

(3.57)

Therefore the voltag¥, (t) across dc-feed inductdarcan be expressed as,

diL(t)
dt

LCLiCy

V(1) L

d*Vea(t)
dt4

+(LC+ LCy +

+ (LL]_C]_ + LCC]_RLRs)d3Vc1(t)
Rs ded

LCiRL, d*Vea(t) | L dVea(t)

Re ) d2 TRs dt

(3.58)

Substituting Eq8.523.54 and Eq3.58into Eq3.49 we can get a linear, honhomogeneous,
forth-order diferential equation. That is,

d4Vc1(t) + (LL]_C]_ + LCC]_RLRS d3VC]_(t) +
dt4 Rs dt3

RGL dZVCl(t)
LC + LCy + L1C
( Re TLCHLCi+L )" 4e

(RC]_ + L dVCl(t) + ch_(t) - VDD =0 (359)

Rs” dt

LCL1Cy

Eqg.3.590nly contains one node voltage variablg; (t). Once the solution 0¥c1(t) is obtained,
all other voltages and currents will be known. To solve the equation, treeneders defined
in Eqs3.13- 3.15 EQs3.29- 3.32 and Eqs3.45- 3.46 will be used again. For the readers’

convenience, we re-write the definitions.
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1
= 3.60
q I (3.60)
Mon = wRoNC (3.61)
Mot = wRopeC (3.62)
L
KL = % (3.63)
Ke = wCR. (3.64)
Kp = CoutRe (3.65)
VDD
X
Kx = & (3.66)
_ le
Q = R (3.67)
@ = — (3.68)
¢ - a)C]_RL .

The following two equations will also be used in the derivation:

Ron Mo

T K (3.69)
Rorr _ Mbff

2 (3.70)

In the time interval O< t < d - 7r/w, the switch is closed. The switch resistatikgin Eq.3.59
corresponds tBon. Substituting the above equations into E§9and re-arranging the equation
results in,

Q 1 )d4Vc1on(t) Q 1 1 Ve, (t) .\
Qc P’ dt* Qc ?w’Mon QeGP  d?

1 1 1 QL ,d?Vcy,, (1)
QcP?Mon * Pa? QP | Qew? P

1 1 dVClon(t) B
ch + qzwmon) at + VClon(t) — VDD =0 (3.71)

(

(

Similarly, in the time intervall - n/w < t < 2r/w the switch resistand@s corresponds t®ork.
Eq.3.59can be re-written as,
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(

(

Q 1 d4VClof f ® QL 1

1

@ q2w4)

(= +
dt* Qc ?wmptt  QcgPw?

d3VCloff (t) +
dts

1 L L1 Q olzvcloff(t)+
QcPw’Mort  QPw?  QclPw?Ke  Qecw?’  df?
1 1 dVCloff(t)

+
Qcw  PwMots dt

+ Vcluff(t) — VDD =0

(3.72)

30

Here we usé/c1,,(t) andVcy,, (t) to denote the dierent time intervals. To make the derivation

clear and simple, we will define new symbols to replace thé&odents of above two dlierential

equations. They are

Q 1
s = ——
a Qc P
1 1
sty = = 2 3m | O~P3
Qc g?w’Mmyn  Qcfw
sq = ! + ! + ! + Q
LT QePw?Mon | Pu? | QePwKe | Qow?
1 1
sd = —— +
Qcw qzwmon
sqg = 1
sh = —Vob
Q 1
s = ——
24 QC q2w4
1 1
sh = = > 3 + > 3
Qc Pw3mots  Qcfw
1 1 1
S = 2 2 too5t 22+QL2
Qcrw Mo  Gw* Qe wKe Qecw
1 1
sth = +
Qcw  Pwmory
se = 1
sh = —Vop

(3.73)
(3.74)
(3.75)

(3.76)
(3.77)
(3.78)
(3.79)

(3.80)
(3.81)

(3.82)

(3.83)
(3.84)
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then the Eq®.71and3.72become

d*Vey (t d3Vey (t d?Vey (t
Clon(t) . Clon(t) . Clon(1) N

ded ST e N
sdl% +se Ve, (t) +sfi =0
d*Vei, (1) d3Vea, (1) AV, (1)
9t + sy S + SG e +
sobw + 86V, () +sf2=0

The general solutions of E@s85and3.86are

cht

Ve, (1) a1 ec2t 4+ et 4 ¢ et + N — s /se

Veig (t) = ae"® + e + et + dhe"®! — sh/se

(3.85)

(3.86)

(3.87)
(3.88)

where theCay, Chy, Ccp, Cd; are the roots oba x* + shx® + sgx? + sdhx + s = 0 while
theCap, Chy,, Ccy, Cd, are the roots osax* + shyx® + sex? + sthx + se = 0. To find out the

expressions of eight unknowns dbeients (i.e.as, by, ¢1, di, a2, by, ¢z, dp), the continuity of

capacitor charge and inductor flux will be applied to capaci®iS; and inductoi, L;.

CVC (t)ltzo = CVC (t)|t:27r/w

CVeOli=dr/o- = CVeOh=dr/o*
CiVeilhzo = CiVei®lzon/w
CiVe1®lh=dr/o- = CiVer®li=dr/w*
LVi®Ok=o = LVLOk=2r/w
LVEOh=dr/o- = LVLOk=dr/o
LiVia®h=o = LiVii®li2r/w
LiVia®h=dr/o- = LaVia®l=dr/w*

(3.89)
(3.90)
(3.91)
(3.92)
(3.93)
(3.94)
(3.95)
(3.96)

By solving the above eight boundary conditions, thefiioents in Eqs3.87 and3.88 can be

expressed in terms of parameters defined in £6§68.3.68 Therefore the capacitor voltage

Vci(t) is obtained and given in the terms @f d, «, K, Mon, Myft, Vbp, w, Qo. The rest of

voltages and currents are also determined.

The analytical expressions for the voltages and currents irBE3@re very complex but can be

computed numerically. The purpose of the derivations in SecBdh2and3.1.3is to present
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Class-E amplifier design equations
with finite loaded quality factor

Class-E amplifier design equations
with infinite loaded quality factor

Class-E circuit Class-E circuit

Infinite @ —

\
2nd-order differential equations

A
4th-order differential equations

with circuit elements with circuit elements
Elements Ke, Ki, Kx Elements
Relations —™ > “4——  Relations
q, 0, Mon, Mott q,Mon,Morr ,Qo

Differential equations with
parameters q, Mon, Mo, d, f, Ke,
KX: KL: Qo

Differential equations with
parameters q, p, My, My, d,

Y

Solve differential equations

\i

Solve differential equations

Satisfy Class-E conditions and
continuity of inductor flux and

\

Satisfy Class-E conditions and
continuity of inductor flux and

capacitor charge capacitor charge

\i

Calculate the real efficiency and
drain voltage and current
waveforms

\i

Calculate Design set K

Y

Calculate circuit elements

Ficure 3.4: Analytical design flowchart of Class-E power amplifieaaingle frequency.

the approach we used to model the Class-E amplifier. All those equatiofe eaiculated by
MAPLE.

Fig.3.4 summarizes the analytical approach of systematical design of Class-E povpd-

fier. The starting point is to express the ideal Class-E circuit (infinite bagelity factor) as
time-domain 2nd-order fferential equations in terms of circuit elements, then the higher level
differential equations will be generated based upon the elements relatiorrssohfteg the 2nd-
order diferential equations by applying the boundary conditions and Class-Et dorditions,

the design seiK can be obtained. If the actual loaded quality factor is given, the moretrealis
solutions of the Class-E amplifier can be found by solving 4th-ordéeréntial equations for
the given quality factor and obtained designliset

For the obtained design dét the relations between the circuit elements and desigii sanh be
expressed in Fi§.5. Each circuit element is placed in the corners of a triangle and the related
design set element is shown in the inner part of the triargldif the triangles folKc, K, Kx

two elements are shared by the other triangles,wherels ionly one elemenR, is shared.
Therefore, eithe¥pp or Poyt must be known in order to be able to make a uniquely defined
Class-E PA design. Fig.6 shows two procedures to calculate the circuit elements. For a given
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Ficure 3.5: Relations between the elements of the desigi set

For a given device
( output capacitance C is fixed)

Pre-specified values:

For a given supply voltage Vpp
w, Pour

Pre-specified values:
w, Pour

R = Kc/wC

Y
] RL = V[)[)ZKPIPQUT
Voo?=PourRuKe

Y

v L= KL RL.I,(.IJ
L=K|_R|_."(.l.| C=Kc.-'wRL
X=KK RL X=KxR_

(a) (b)

Ficure 3.6: Class-E amplifier components design:(a) for a givercaeyb) for a given supply
voltage

device, the device output capacitaiités fixed so that the load resistanRe can be found from
Kc, then the supply voltage will be known vi&. The dc-feed inductor and excess reactance
X can be obtained fror{_ andKx. It is similar to the case of given supply voltage.

3.2 Analysis and Discussion of Class-E Power Amplifier Model

In Sections3.1.2and3.1.3 the analytical approach is applied to model the Class-E power am-
plifiers. In this section, the validity of the analytical approach will be pressehy an example.
After that, the &ects of variations of drain load impedances on the performance of Class-E
power amplifiers will be discussed comprehensively.
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Tasce 3.1: Input parameters for analytical model

w=1 | Mpy=0.01] mys = 1000
q=1412] d=1 Voo = 1
@=0 k=0 Q=2

TasLe 3.2: Results of analytical model and ADS based upon the petesiin Tablg.1

KL =0.725
Moy—oo = 9543%

Kc = 0.692
nlADS(Qo:OO) = 95.40%

Kp =127
7]|Q0:2 =91.94%

Kx = 0.0186
MADS(Qp=2) = 91.80%

g=1.412, d=0.5, mon=0.01, moff=1000, a=0, k=0 g=1.412, d=0.5, mon=0.01, moff=1000, a=0, k=0

4 w w w w 3 \ \ \ \
o Anal.(Qozinf.) o Anal.(Qozinf.)
all © Anal.(QO:Z) o Anal.(QO:Z)
_ADS(Qozinf.) _ADS(QO:inf.) I
8 7_ADS(QO=2) A _ADS(QO:Z)
2 Q
z 7
>
—_—
_1 i i i i i i i i i _1 i i i i i i i i i
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
T vT

(a) Drain voltage Vds(t) (b) Drain current Is(t)

Ficure 3.7: Class-E amplifier waveforms for analytical approacth ADS simulation
3.2.1 Accuracy Comparison between Analytical Approach andDS Solution

In this section, an example is presented to compare the accuracy of thécahapproach
with commercial circuit simulator (ADS). For analytical design equations, sgeime that the
amplifier operates at maximum output power mb¢ee = 1.412) with zero switching voltage
(e = 0) and zero switching slopé& (= 0). To simplify the computation, we choo%gp = 1,
50% duty-cycled = 1), w = 1, and device technology parametexg = 0.01 andm,¢; = 1000.
By substituting these input parameters summarized in Taki@to the design equations shown
in Section3.1.2 we can get the ideal draiffiency, design sek, and ideal drain current and
voltage waveforms. Substituting the obtained designksaind finite quality factoiQy = 2
into the design equations shown in Sect®i.3 the real drain ficiency and drain voltage
and current waveforms can be obtained. Taldeshows the design sé&t, and drain éiciency
calculated by analytical approach fQ@y, = 2 andQp = o. The drain current and voltage
waveforms are shown in Fig.7.

To verify the correctness of the analytical solutions, a Class-E circawstin Fig.3.8is built
up in the ADS. Assuming the operating frequerigys 1GHz, the supply voltagépp is 1V, and

3In [5], the author has proved that the maximum output power is obtained evheh412 for givenR andVpp.
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Period=T2 sec

Ficure 3.8: Class-E model in ADS

TasLe 3.3: Component Values at 1GHz

Q=2 ‘ Qo =100
L = ©.R = 0.1154H
K
C= w_lgL = 11014pF
Ron = 20 = 0.01450hm
RoFF = o = 1.445%Ohm
Ci= g = 719577pF | Ci= o = L59pF
Ly = @R~ 03210H | Ly = @R —150nH

Bl

5

the load resistoR,_ is 1Q2, the component values can be calculated based upon the given design
setK and Eqs3.29-3.32and Eqs3.453.46 (sinceKx > 0). Table.3 shows the component
values forQp = 2 andQp = 100. We can regar@y = 100 as infinite loaded quality factor.
To make a fair comparison the rise and fall times of the drive signal in the AD&h®set to
zero. By substituting the component values into the ADS model, we get thedtligiency of
91.8% forQp = 2 and 95.4% foiQp = . All the results are summarized in Tab&2 One
can observe that the results of analytical solution and ADS solution are talngosame. The
drain voltage and current waveforms obtained from ADS simulation aresht®on in Fig.3.7.
One can find that a very good agreement in the waveforms are obdeewsden ADS and
the analytical model. The results presented above indicate the analyticai dekitions give
reasonable accuracy. In addition, it is apparent that for aQgwalue the éiciency decreases

and peak drain voltage increases. This example also tells us that the quabtyJaaffects the
performance of Class-E amplifier.

3.2.2 Hfects of Drain Load Impedances on Class-E Amplifier

Since the sfiiciently good accuracy, the general Class-E model derived in Se@idrizand
3.1.3can be used to evaluate the performance of the Class-E power amplifiepecifiex
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Ficure 3.9: Elements of the design d€¢, K¢, K|, Kx as a function of q

situation. In the following discussion, normalization¥gp = 1, R, = 1, design angular
frequencywp = 1, and technology parametamg, = 0.005 andm, s = 1000 have been used for
convenience.

In [34] and [35], a technique, which is based upon a finite number of harmonics, for sisaly
of Class-E power amplifiers is developed. The analysis shows the nurhharmonics will
determine the maximum achievabl@g&ency. The fundamental and harmonic impedances for
"optimum” Class-E PAs with infinite dc-feed inductance are also giver8#. [However the
Class-E PAs with infinite dc-feed inductance might not be an "optimum” PA3FE@nd3.10
illustrate the drain ficiency, power-output capability and design Keds a function ofj (vary-

ing the dc-feed inductance from infinite to finite values). It is observedttigapower-output
capability has a peak value whgn= 1.412. The same conclusion can be also obtained from
the design seKp which achieves a maximum value whgn= 1.412. The #iciency remains
constant for dierent dc-feed inductances. Therefore, for a giveyp \And R, the optimum
Class-E operation is obtained whers: 1.412.
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Ficure 3.11: Drain load impedances of Class-E PAs

To enable the design of Class-E amplifiers a closer examination of the ousouh&work is
required. The drain load impedancgsshown in Fig3.11consists of shunt capacitance, dc-feed
inductance and output load network . The admittance of load network astdi of frequency

is given as:
1

1
joL "R+ joli+ 1/jwCy

Yi(@)lw=kew, = JwC + (3.97)
wherek is a real number. Whekis an integeryy describes the admittance at fundamental and

harmonic frequencies.

Substituting Eqs3.63 3.64, 3.66-3.68into Eq3.97and normalizing td?, we can get:

(2% .
(1= (2282 + (&)
 mas ()73
(1-(2P&)P+ (2 q)?

wo Qc

1
(2)°% -

KL(2)?

)

Yi(@)RLly=kewo

(3.98)
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Ficure 3.12: Equivalent drain load impedance as a function of qufalamental impedance
in terms of resistance and reactance, (b)second and thindomés impedance in terms of
reactance, (c)fundamental impedance in terms of magné@ndehase

then taking inverse of the admittance we can get the normalized impedance,

Z(w) _ 1
R Ye(w)RL

(3.99)

The required drain load impedancésat fundamental, second and third harmonic frequencies
are shown in Fig.12 The magnitudé¢Z;| of drain load impedance at fundamental frequency
reaches its minimum value whep= 1.412 which results in the maximum output power. For
readers’ convenience the drain load impedances for maximum output pperation and for
infinite dc-feed inductance are summarized in Tabe

In Tabled.4, the required drain load impedancgsat fundamental and harmonic frequencies are
given. The &ects of variations of drain load impedances at fundamental, second ahtainir
monic frequencies on drairffciency,Kp, and peak drain-source voltage and peak drain current
are given in Fig8.133.24 When investigating thefiects of load phase anglg (/magnitude
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TasLe 3.4: Harmonic impedances for maximum output power and iefid¢-feed inductance
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Ficure 3.13: Htects of load phase anglg on: (a) drain éiciency andKp, (b) maximum
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Ficure 3.16: Waveforms as a function [ |: (&) drain-source voltage, (b) switch current

|Z| of drain load impedance) at certain harmonics, the magnitiZgiesf drain load impedance
(/load phase angleg) at this frequency and other frequencies are fixed at their requaleey.

The dfects of load phase angle of drain load impedancg; at fundamental frequenciy on
the performance of maximum output power operation are shown in3El& and the &ects
on drain-source voltage and current waveforms are shown in3Flg. The drain éiciency
remains constant for load phase angles between abéw@nD40. The Kp keeps constant for
load phase angles between aboutfid 33. The load phase anglés for constant #iciency
and for constant output power are only overlapped in a narrow rék@je 35°). Out of this
range the fficiency and output power decrease very fast. Tiliece of variation can also be
seen in the waveforms. For capacitive loadiag< 0°) or larger inductive loadinggg > 60°),
the drain-source voltage becomes large at the turn-on moment, resulting éfficency. We
can also find out that the device should have negative current ctimgleapability when the
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load phase anglé, is larger than 60 For a large load phase anglg the peak drain voltage is
beyond 4/pp which might lead to drain-source breakdown.

Fig. 3.15shows the ffects of magnitudg,| variation of drain load impedan&g at fundamental
frequencyfy. It is apparent that comparing with the variationggfthe amplifier is tolerant of
variations of|Z;], and maintains highféciency for values between 0.25 and 2. As expected,
Kp increases with decreasifg,| except for relatively small values ¢#;|. Peak output power
occurs at 0.1, but the correspondirfj@ency is low and peak drain voltage is large. Therefore,
|Z1| should be larger than GRL. From Eqs3.61and3.64 one can obtain that:

Mo _ wRonC _ Ron

= = 3.100
Kc wR C R ( )

Forg= 1412, &=0.5,my, = 0.005,my¢¢ = 1000,a = 0, andk = 0, one can findK¢c = 0.6871.
Therefore,

1Z1] > 13.7Ron. (3.101)

The above equation indicates that the magnitiZdeshould be at least 14 times larger than
the ON-resistance. As the magnitude] becomes very small, the ON-resistance of the switch
draws more and more current than the load current causingflosieacy. For small values of
|Z1], they give high conduction losses and lofi@encies. As the magnitud2g;| becomes very
large, output power tends to become constant. The peak drain-salt@ge/NVdgeak decreases
as the magnitudgZ,| increases, while peak switch currengdgincreases a,| increases. The
effect of magnitudéZ,| variation can also been found in the waveforms shown init6 For

|Z1| = 0.1, the drain-source voltage at the turn-on moment is very large resulting ilaripe
switch loss. For large values {¥;|, the waveforms are almost similar which indicates that the
amplifier is quite tolerant of large magnitutig|.

The dfects caused by changes in load phase afglef drain load impedance»Zat second
harmonic frequency £ are shown in Fig3.17. It is obvious that the ficiency decreases as
load phase anglé, varies from the pure capacitive loadingy (= —90°) to the resistive and
capacitive loading{90° < 6, < 0°) resulting in the power loss at resistive load of second
harmonic impedance. Thepkkeeps constant for capacitive loadingd0® < 6, < 0°) and
increases for inductive loading because of second harmonic tuning drtin-source voltage
and drain current waveforms are shown in Bi§8 For inductive loading, > 0° at 2fy, the
peak drain-source voltages are larger thamg\élthough the drain-source voltages at turn-on
moment are small.
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Ficure 3.21: Hfects of load phase anglg of third harmonic impedance: (a) draiffieiency
andKp, (b) maximum drain-source voltage and current

Fig. 3.19illustrates the ffects of magnitudé&,| variation of drain load impedan& at second
harmonic frequency . It is apparent that the amplifier is very tolerant of variation$Zoef
except for very small values, and maintains hidgiceency and constant K The peak drain-
source voltage for large values|@}| is about 4.¥pp which is not beyond ¥pp too much.

The dfects of load phase angle of drain load impedance zZat third harmonic frequency
3fp are shown in Fig3.21 One can observe that théieiency remains almost constant for
capacitive loading{90° < 63 < 0°), and decreases by 10% for inductive loading. The change
of Kp for all the variations ofz is less than 1dB. The peak drain-source voltagepygikeeps
constant and is less than 4y for a very wide range ofs.

In Figs.3.23and3.24 the dfects of magnitud¢Zs| variations are shown. It is obvious that the
amplifier is almost independent ¢#y| except for very small values.
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Ficure 3.23: Hfects of magnitudéZs| of third harmonic impedance: (a) draiffieiency and
Kp, (b) maximum drain-source voltage and current
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Several remarks are needed here to understand the significanceafthphs.

1. For a high-éicient Class-E power amplifier, the load phase afgle the most important
design parameter because ttgcéency, Kp and peak drain-source voltage all are very
sensitive to it. The optimum range of load phase adgt®r high dficiency, high output
power and low peak drain-source voltage operation is betweearid40.

2. Decreasing magnitudg;| can improve the output power, but magnitydg should be at
least 14 times larger than the ON-resistaneg R

3. To obtain high ficiency, the ideal impedances at harmonic frequencies should be open
conditions.

4. It is apparent that a tune-up procedure must not be based on @itlierdficiency or
output power. A moderateffeciency and output power with reliable drain voltage would
be a better tuning indicator.

The methods developed in this section may be applied to any other problenathae simpli-
fied to variations in load phase angle and magnitude. A straightforward éxasnprediction
of performance with frequency variations which will be presented in the section. This
manifests itself as a set of valuestfw) and|Zx(w)| corresponding to the value of frequency.

3.2.3 Broadband Characteristics of Conventional Class-E Oiput Load Network

The usable bandwidth is an important aspect of power amplifier perfosmalnc[36] Raab
briefly analyzed the frequency variations of classical Class-E loadonketwith infinite dc-
feed inductance. The draifeiency and output power are given forfférent loaded quality
factor Qp. Kumar designed a broadband Class-E PA with the classical load netwyargirgy
reactance-compensation technigg [Actually the load network he used corresponds to the
finite dc-feed inductance fay = 1.412.

It seems that no work has been published on the comprehensive andby@mwentional Class-E
load network across a broad bandwidth. In this section, fieets of loaded quality factd®o,
finite dc-feed inductancgand duty-cyclal on drain dficiency, output power, peak drain-source
voltage and peak drain current will be studied.

The analytical design equations derived in Secti8ris2 and 3.1.3aim at the conventional

output load network of Class-E PAs shown in Bid. For a fixed-tuned output load network
designed at frequenciy, which means the design Sétis fixed, the frequency variations can
be modeled by scaling the frequency parametén Section3.1.3 By this method, the power

amplifier performance as a function of frequency can be investigated.
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Ficure 3.25: Fundamental impedance as a function of frequencyiftardntQg
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Ficure 3.26: Second harmonic impedance as a function of frequendjifferentQg

First the éfects of loaded quality factd®y is investigated. Figs3.25and3.26show the mag-
nitudes and load phase angles of drain load impedance at fundamensg@ndl harmonic
frequencies for dferent loaded quality factd@y. The output load network is set for maximum
output power § = 1.412). We can predict the broadband performance based upon this res
obtained in the Sectid2.2 The magnitudeZ;| and load phase anglg is more tolerant of
frequency variations for loWQp values than for higl@Qg values. For example, the magnitude
and load phase angtg for Qg = 1 is almost flat fromw = 0.8wg to w = 1.2wq. This means

it is possible to provide very flat drairffeciency and output power in this band. But the load
phase anglé, for Qo = 1 deviates from the required value-e®0° and increases sharply as the
frequency decreases which will result in the draiiceency drop at low frequency. F@p = 5,

the load phase angtk is near—90° from w = 0.85wq satisfying the required load phase angle at
second harmonic frequency. This will show higfi@ency in band. However since the change
rate of the load phase anglg is fast forQg = 5, the output power foQy = 5 will decrease

sharply betweew = 0.8wg andw = 1.2wy.
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Ficure 3.27: Hfects of finite load quality factor on the wideband operation

Fig. 3.27presents the variation officiency,Kp, peak drain-source voltage, and peak drain cur-

rent as a function of frequency witQg as a parameter, and Tallé summarizes the bandwidth

for different criteria. The overlapping frequency range in Tab%3.7 is the frequency range

in which the drain #iciency is larger than 80%, and output power flatness is less than 1dB, and
peak drain voltage is less thaigp. It is apparent that the bandwidth in terms of drath-e

ciency and output power is wider for 0@, values than for higlQ)y values. The large loaded

quality factorQp can improve the peak drairtfieiency, but reduce the usable bandwidth due to

the dramatical variation of load phase angle in the band. Tfeetef large loaded quality factor

is visible atw = 1.1wg andw = 0.85wg where the #iciency is decreasing faster due to load

angled; beyond 60 for Qg = 5. These results agree very well with what we predicted based

upon Figs3.25and3.26 One must notice that the peak drain-source voltage might be larger

than 4/pp even the drainféiciency is larger than 80% at some frequencies. The peak drain-

source voltage decreases as the frequency increases. In sumradrgntdwidth over which a

given dficiency can be obtained is roughly inversely proportiondDgdor moderate and large

values ofQq [36].



Chapter 3. Switch-Mode Class-E Power Amplifier Analytical Modeling

Tasce 3.5: Htects of loaded quality factd®, on the bandwidth

Frequency range for| Frequency range for| Frequency range fo Overlapping
drain dficiency> 80% AKp < +£0.5dB VdSyea<4Vip frequency range

Qo=1 | 0.92wp < w < 158wy | 0.82wy < w < 1.24wy w > 0.96wg 0.96wp < w < 1.24wg
52.8% 40.8% 25.5%

Qo=2 | 0.82wg < w < 146wy | 0.78wg < w < 1.16wg w > 0.92wq 0.92wp < w < 1.16wg
56.1% 39.2% 23.1%

Qo=5 | 0.86wp < w < 1.30wp | 0.96w < w < 1.08wy w > 0.88wy 0.96wo < w < 1.08wg
40.7% 11.8% 11.8%
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Ficure 3.28: Fundamental impedance as a function of frequencyiftardntQg

The dfects of finite dc-feed inductance on the drain load impedance at funddrireqteency

are shown in Fig3.28 As g increases, the center frequency moves to higher frequency. The
variations of load phase angde and magnitudéZ,| of finite dc-feed inductancey(= 1.61) is
smaller than that of infinite dc-feed inductance={ 0.01) so that the finite dc-feed inductance
can improve the bandwidth in terms of draifi@ency and output power. Fi§.29shows the
broadband features of Class-E power amplifier fdfedent dc-feed inductance wh€}y = 2.
Table3.6 summarizes the bandwidth forfirentq. One can observe that the bandwidth with an
efficiency of 80% or better is 42.9% fgr= 0.01 while it is 56.1% foig = 1.41. The bandwidth

for a 80% drain #iciency is improved by 30.7% via finite dc-feed inductance. The bandwidth
of 1dB output power flatness is 29.2% fpe= 0.01 while it is 39.2% forg = 1.41. Meanwhile,
theKp for g = 1.41 is 3dB larger than that for infinite dc-feed inductance.

When the output load network is fixed, the duty-cycle is the only one paraitetethe de-
signer can tune with besides the supply voltage. Tiects of duty-cycle variation can now
be examined. Fig3.30shows how drain féiciency ,Kp, peak drain-source voltage and peak
drain current vary with duty-cycle in a broad frequency band, armeTa7 summarizes the
bandwidth performance of the amplifier. One can observe that the fieguange for high
efficiency shifts to the low frequency band as the duty-cycle increaseshardwidth for high
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Ficure 3.29: Htects of finite dc-feed inductance on the wideband operation
TasLe 3.6: Hfects of dc-feed inductance on the bandwidth
Frequency range for| Frequency range for| Frequency range fo Overlapping
drain dficiency> 80% AKp < +£0.5dB VdSpea<4Vip frequency range
0=0.01 | 0.88wp < w <1.36wy | 0.76wy < w < 1.02wq w > 0.80wq 0.88wp < w < 1.02wg
42.9% 29.2% 14.7%
0=1.21 | 0.72wp < w < 1.38wg | 0.84wp < w < 1.06wq w > 0.70wp 0.84wg < w < 1.06wq
62.9% 23.2% 23.2%
0=1.41 | 0.82wp < w < 146wy | 0.78wp < w < 1.16wq w > 0.92w, 0.92wp < w < 1.16wg
56.1% 39.2% 23.1%
0=1.61 | 0.94wp < w < 1.66wy | 1.04w < w < 1.32wg w > 1.02wq 1.04wo < w < 1.32w9
55.4% 23.7% 23.7%
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Ficure 3.30: Hfects of duty-cycle on the wideband operation

TasLe 3.7: Hfects of duty-cycle on the bandwidth

Frequency range for| Frequency range for| Frequency range for Overlapping
drain dficiency> 80% AKp < +0.5dB Vdspea<4Vop frequency range

d=40% | 0.94wg < w < 1.60wy | 0.96wg < w < 1.22wq w > 0.76wg 0.96wg < w < 1.22w¢

52.0% 23.9% 23.9%
d=50% | 0.82wp < w < 146wy | 0.78wg < w < 116wy w > 0.92wq 0.92wg < w < 1.16wq

56.1% 39.2% 23.1%
0=60% | 0.82wp < w < 1.26wy | 0.86wg < w < 1.14wq w > 0.92wq 0.92w < w < 1.14wg

42.3% 28.0% 21.4%

efficiency decreases as the duty-cycle increases from 50% to 60%. dlble fiequency range

for Vdsyeak < 4Vpp is extended taw/wo = 0.76 when small duty-cycled(= 40%) is applied,
although the ficiency is less than 80% in the low frequency band. The device reliability is one
of most important factors designers have to take into account.

For broadband systems, we need the power amplifiers can have thetehatias of high-
efficiency, flat output power, low peak drain-source voltage (which is tleas drain-source
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breakdown voltagdVys) across broad frequency band. From the above results, one nan co
clude that the conventional Class-E output load network is not a goochogliich can provide
the bandwidth of 40% or more. A broadband methodology must be deployadén to keep
good performance over a broad range of frequencies. In Sesiithe output load network
for broadband application will be addressed.

3.3 Conclusion

This chapter presents an analytical solution in the time domain for the Class«t amplifiers
taking into account the finite dc-feed inductance, non-ideal switch rasistaluty-cycle and
finite loaded quality factor. The analysis in this chapter has provided méaietesmining the
performance of a Class-E tuned power amplifier with arbitrary circuitrpaters. The accuracy
of the developed analytical model shows very good agreement with conai@rcuit simula-
tors such as Agilent ADS. A systematic study of the performance of Clasegifier upon the
drain load impedance has been performed. The simulation shows thatfirenzerce of Class-
E PA is very sensitive to the load phase angle For the maximum output power operation
(g = 1.412), the optimum range &k is between 10and 40. Meanwhile, the magnitudé;|
should be at least 14 times larger than the device’s ON-resistance. itioagthe performance
of conventional Class-E power amplifier in a broad frequency bandvengwith the loaded
quality factor, finite dc-feed inductance, and duty-cycle as parameidrs.study shows that
the low loaded quality facta@y can improve the bandwidth, but théieiency in-band is lower
than that of the PA with high loaded quality factor. The study also indicatesht@dtandwidth
of Class-E PA with finite dc-feed inductanag £ 1.412) is 8% wider than that of the PA with
RF choke. It has been demonstrated that the power amplifier with convainGtass-E output
load network is dficult to provide the characteristics of higffieiency, flat output power and
low peak drain-source voltage over a very wide frequency bafx 40%). So new output
matching topologies for wideband class-E operation need to be investigated.






Chapter 4

Effects of Drive Signal and Linear
Operation of Class-E Power Amplifier

In chapter 3, an analytical approach is used to model the Class-E powséfier. In the model,
the transistor is operated as a switch which only has two states: ON or Offeveg the rise
and fall times of drive signal to the Class-E amplifier, in practice, are usnoatlyery sharp at
high frequency; consequently, the switch resistance varies to ONamestsor OFF-resistance
gradually but not suddenly. Thus it is necessary to build up a model #minclude the im-
perfections in the drive signal with the behavior of the transistor. Onemdahis model, the
effects of the drive signal on the Class-E amplifier will be obtained. In additi@performance
of the Class-E amplifier operating in linear mode can also be investigated lgythsmodel.

Generally a NMOS transistor can be regarded as a voltage-controllezhtgource shown in
Fig.4.1The drain current can be expressed2§:[

Voo

ILL§L

V IR L] C]
— = —
L1

= C RL§

Asin ot @ Vg Vs <+>

| o ————— )

Ficure 4.1: Simplified small-signal model of Class-E power amplifie
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in triode region or linear regiotMps < Vgs — V1H)

_ W pnCox

o [2(Ves — VTH)Vbs — V3] (4.1)

Ip

in saturation regionMps > Vgs — V1H)

_ V_V,uncox
L 2

I [2(Ves — Vrh)Vbs(sal) — V3g(saf) (4.2)

where
Vbs(sa) = Vs — Vrh.

Similar to the derivation in chapter 3, an equation only containing one unkraviable \&(t)

can be found by applying Kirchlfis current law at the circuit. However, an explicit analytical
solution for V(t) appears diicult because of terms such ¥gs(t) = Asin(wt) in the equation.
Then, a more programmable approach based on the numerical computat@ateimce simula-
tor is used to solve the circuit. In this chapter, a numerical model useddityzing the Class-E
amplifier will first be described. Thetects of drive signal on the performance of Class-E am-
plifier will be discussed in Sectiof.2 In Sectiond.3, the linear operation of Class-E amplifier
will be given.

4.1 Numerical Modeling of CMOS Transistor

A CMOS transistor model mainly concerns transistofié ielationships as a function of drive
signal and device capacitance.

For the measured |-V curves, the dependent-current sdgrcan be modeled via polynomial
function for diferentVys:

2 3
IDn|Vg5=Vgsn =Cpy+ Clvds + CszS + C3Vds + e (43)

The codficientsc, can be obtained by curve fitting. The accuracy of the fitted curves is de-
pendent on the order of polynomial function. Higher order polynomiatfion fitting always
gives better results. Fig.2shows an example using the 6th-order polynomial functions to fit the
measured I-V curves. Good agreement is shown between the meassuktd and fitted curves.

Besides using polynomial functions to fit the measured results, one cadtecdesired |-V
curves to model the wanted dependent-current source by definirepttunction:
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Ficure 4.2: 6th-order polynomial functions fitting measured |-\f\es

| ds=Vgs(1—exp(—v ds/0.05))

Idszvgs(1—exp(—VdS/0.05))

vds (V)
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Ficure 4.3: |-V curves created by Eg4.4for gm = 1, V1 = OV, Imax = 1A, V¢ = 0.05V and

V,
Ib = gm(Vgs — Vi) lmax(1 — exp(—v—":»(l + WVge)

A=0

(4.4)
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Here the @, V1H, Imax Vk andA are user defined parameters. One can determine when the

transistor is turned on beyondr\, how sensitive the transistor is tqyyby gm, the maximum
drain current that the transistor can conduct hysl the channel-length modulation Ry and
the linear resistor by M Fig4.3 shows created |-V curves f@q = 1, Vry = OV, Imax = 1A,

Vi = 0.05V andA = 0.

The I-V relationships described by Hg3 or 4.4 provide a reasonable model for understanding

the "dc” behavior of CMOS circuits. Moreover, the device capacitamsest also be taken

into account to predict the "ac” behavior of the device. B8][ an approach to extract the



Chapter 4. Hects of Drive Signal and Linear Operation of Class-E Power Amplifier 56
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Ficure 4.4: NMOS small-signal equivalent model

TasLe 4.1: Extracted small-signal model parameters of extendaath NMOS transistor in
CMOS 65nm technology with W3840um, L=0.28um, V=0V, V¢s=1V at 1GHz

rg = 0.0180 rs = 0.0230 rq = 0.041Q
Cys = 8.41pF | Cyq=2.757pF | Cys= 3.244pF
rgs = 42.26%Q | gm = 2.559MS | 1 = -2.49x 10710

o -
5 5
% 8
@ »
freq (500.0MHz to 1.500GHz) freq (500.0MHz to 1.500GHz)
Red markers : Measured results Red markers : Measured results
Blue lines  : Modeled S-parameters Blue lines  : Modeled S-parameters
(a) S11and S12 (b) S22 and S21

Ficure 4.5: S-parameters measured by Cadence and modeled S-pensannging extracted
model parameters

small-signal model parameters of silicon MOSFETS is described. One daim abe small-
signal model parameters only by S-parameter measurementd.4gows the schematic of
the equivalent model used to characterize the small-signal behavior @Nivansistor. An
example is given to extract the small-signal model parameters of extendiedNIVIOS tran-
sistor in CMOS 65nm technologp$]. Table4.1shows the extracted parameters. In &i§.

the S-parameters obtained by Cadence and modeled S-parameters uskigpitied model pa-
rameters are given in Tab#elfrom 0.5 to 1.5 GHz. This demonstrates good accuracy for the
technique developed ir3§].
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Capacitors obtained from extracted smal}
signal model parameters or user defined

Cotu) | @), 3re (70 "

Verilog-A module using equation4.3 or 4.4
to describe the |-V curves and drainsource resistance

Ficure 4.6: Numerical model of Class-E power amplifier
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Ficure 4.7: Simulation model

Fig.4.6 presents the methodology one can use to model a CMOS transistor. A \&nitagtule
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based upon E4.3 or 4.4 is used to describe the "dc” behavior of the device, and capacitors

extracted by 38] or defined by user are used to describe the "ac” behavior of theelevic

In the following sections, the |-V curves shown in i@ are used to model the DC behavior

of the device. For this current source, the ON-resistangg & knee voltage ¥=0.05V for
Vgs=1Vis Ron = Vi/Ip = 0.0792. In Chapter 3, all the results are obtained faf#0.005.

For comparison purpose, the samgris used here. Consequently the corresponding total

output capacitance at 1GHz@ = mon/(wRon) = 10pF. To simplify the model, the g and
Cga are neglected. Therefore the required drain-source capacitan0pfsHig4.7 shows the

model will be used for investigating théfects of drive signal and linear operation.
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Ficure 4.8: Test waveforms of drive signal to gate terminal

4.2 Hfects of Drive Signal on Class-E Power Amplifier

In this section the féects of drive signal on the performance of Class-E power amplifiers are
presented. Fig.8shows five diferent drive signal waveforms in this experiment: ideal square
wave, square wave with rise and fall times 0.1T, square wave with rise and fall times of 0.2T,
triangular wave (t=t;=0.25T), and sinusoidal wave. The duty cyéles these drive signals
are all 50%. The f#ects of these drive signals on the draificiency, power-output capability,
and Kp are shown in Figl.9, and the &ects of drive signals on drain-source voltage and drain
current waveforms are shown in Fgl0Oas a function of.

One can observe that the increase in the rise and fall times leads to thas#eofedrain ef-
ficiency. However, the drainfieciency is more tolerant of variations of rise and fall times for
finite dc-feed inductance than for infinite dc-feed inductance. For ebeaai1% drop in drain
efficiency can be seen far = 0.01 (infinite dc-feed inductance) when the rise and fall times
increase to 0.25T while only 5% decrease in drdiitiency is found forg = 1.81. The peak
power-output capability shifts to a smaller dc-feed inductagce {.61 ) when the drive signal

is a non-ideal square wave. However, the maximum valu€sas still atq = 1.41 for different
rise and fall times. The peak drain-source voltage decreases as thedisal times increase.
For g = 0.01, the peak drain-source voltage reduces to gg3¥ut the drain #iciency also
reduces. Like drainf&ciency, the output power is also more tolerant to the variations of rise
and fall times for finite dc-feed inductance than for infinite dc-feed indweta

1The rise time trefers to the time required for the drive signal to change from threshuilage to the maximum
gate voltage. In reverse, fall time is the time required for the drive signal to decrease from the maximum gate
voltage to threshold voltage.

2The duty cycle is defined as the proportion of time during which the gatesouwltage is larger than the
threshold voltage Y.
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Ficure 4.9: Hfects of drive signal on the performance of Class-E power iiepl
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Ficure 4.10: Drain-source voltage and drain current waveforms fametion of rise and fall
time

4.3 Linear Operation of Class-E Power Amplifier

In the above sections, the analyses are focused on switch-mode opefatidass-E power
amplifier. The drive signals applied to the Class-E amplifier usually swing to thxémaen
allowed gate-source voltage sharply to avoid power loss at the tranststeever, the process
of the amplitude changes in the drive signal is worth investigating. In this teesdrive signal is

a sinusoidal wave based on a DC gate bias voltage, and the amplitude afrthsiginal reaches
the maximum gate-source voltage gradually and not suddenly. The Class«r amplifier
operates here in linear mode. In this section, tffects of gate bias on linear operation of
Class-E amplifier is presented.

For the linear operation, a sinusoidal wave is applied to the gate of the amflifeemput signal
is based upon a certain DC gate bias voltage. The amplitude increases Vesgnsanall value
to a large value. For the created I-V curves shown in4=8)ythe linear input range is from 0 to
1V. Thus the DC gate bias voltage for Class-A operation is 0.5V, and O€l&ss-B operation.
For Class-AB operation, the gate bias voltage can be chosen betweemdO®%/. Fig4.11
shows the output power and draiffieiency as a function of input power foy = 1.41. One
can see that the saturation power and correspondiiujeacy for Class-A and Class-B biasing
are almost the same, but thifieiency for a same output power (less than saturation power) is
quite low for Class-A biasing compared with Class-B biasing. For examplenie amplifier
delivers 16dBm output power, the draifiieiency for Class-A is only 10%, but 60% for Class-B
biasing. One can get the same conclusion from the drain current ande/elveforms shown
in Fig.4.12 For a same input amplitude, the drain current for Class-B biasing onlgucts
at the first half of one cycle, but the transistor always conducts mufoe Class-A biasing.
Therefore, the overlap between drain voltage and drain current is srf@ll€lass-B biasing
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Ficure 4.11: Output power and drairfifesiency as a function of input power for linear operation

than for Class-A biasing, which improves the drafficéency. Since the created transistor only
conducts current when the input signal is larger than OV, tii@ency for Class-B biasing is still
relatively high at 10dB power backifo However, for the same output power, the input power of
Class-B biasing must be 6dB larger than that of Class-A biasing.

Fig.4.13 presents thefects of dc-feed inductance on the performance of Class-E amplifier,
which is driven into 1dB compression point foifidirent bias conditions. For comparison pur-
pose, the results of switch-mode operation are shown on the same g@phscan observe
that the drain fiiciency and power-output capability have peak values wher0. The output
1dB compression point and draiffieiency decrease agincreases. At 1dB compression point,
the drain éficiency can be improved by shifting biasing voltage to threshold voltage os-Blas
mode. The diterence of output 1dB compression point between Class-A and ClagsBd

is about 1dB. These results agree with the classical linear amplifier thEoeyefects of gate
biasing on drain-source voltage and drain current waveforms arensimoFig4.14 The fig-

ure corresponds tg = 1.41 at 1dB compression point. It is apparent that the overlap between
current through the transistor and voltage across the transistor is smdiksthe amplifier is
biased at Class-B mode. One can also observe that the peak drain ¥sltagee than 3¥p

at 1dB compression point. It isféérent from the classical power amplifier theory which claims
that the output swing is 236 for optimum load condition. This is due to that the Class-E load
shapes the drain voltage waveform.

4.4 Conclusion

A linear transistor model was created in this chapter by using numerical matharder to
analyze the fects of drive signal on the Class-E amplifier and linear operation of Gass-
plifier. In this model, the drain curretgs is a linear function of gate-source voltaygs. The
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Ficure 4.12: Voltage and current waveforms of Class-A and B biaairp= 1.41
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Ficure 4.13: Hfects of dc-feed inductance for Class-E power amplifier at tdBpression
point with different gate bias voltages

transconductancgy,, and device capacitan€&;s are constants which are independent of gate-
sourceVys and drain-source voltagé;s. Based upon this transistor model, tiéeets of rise
and fall times of drive signal were discussed. It has been demonstratetihe Class-E power
amplifier with finite dc-feed inductance is more tolerant of the variations wédignal. For the
rise and fall times of 25%, only 5% drop in drain ficiency was found for the PA with finite
dc-feed inductanceg(= 1.81) while 11% drop for the PA with the RF choke. For the Class-E
power amplifier operating in linear mode, the DC gate bias voltage is a key demsigmeter
which determines thefigciency, output 1dB compression point and power gain. Theiency

for Class-B biasing is higher, but the output 1dB compression point ewermpgain of Class-B
biasing are smaller than that of Class-A biasing. The tratiexists between these parameters.
Designers should choose a suitable gate bias voltage to satisfy a giwdgfication. The short-
coming of this model is that it is a purely linear model. The non-linearity of tramsactance
om and device capacitanc€gs, Cys, Cgq are not taken into account. Therefore the linearity of
the amplifier and intermodulation performance cannot be estimated directly byisl. In
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Ficure 4.14: Waveforms at 1dB compression pointdpos 1.41

the chapter 5, a real transistor model will be given, and the linearity fares gechnology will
be analyzed.
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Chapter 5

Broadband Class-E Power Amplifier
Design Based Upon ED-NMOS Device

In this chapter a broadband Class-E power amplifier was designed in torderify the re-
sults obtained in the previous chapters. The broadband Class-E powkfier was build with
extended-drain NMOS (ED-NMOS) transistors in 65nm CMOS technol88l {vhich have
higher breakdown voltage than the standard transistors. First the swihihlinear operation
of this device is studied in Sectidnl.1l In Section5.2a systematic design approach is applied
to design a broadband Class-E power amplifier from 0.65GHz to 1.05GHe. p@st-layout
simulation results are presented in Secta

5.1 Analysis of Switching and Linear Operation of ED-NMOS

5.1.1 DC I-V Characteristics and Non-Linear Capacitances oED-NMOS

In [31] Acar has demonstrated that the drafificdéency is limited by transistor technology. More-
over, the design sé¢ is as a function of transistor technology parameteggsand my:¢. There-

fore it is necessary to know the transistor technology parameters in @tlaihe transistor
technology parameters consist of the ON-resistance, OFF-resistmtéhe total output ca-
pacitance seen into drain node. The ON-resistance and OFF-resistamd® obtained by
measuring the DC |-V characteristics. The output capacitance can b&extdpy measuring

the S-parameters for fiiérent gate-source and drain-source voltages. Unfortunately the PCB
for S-parameters measurements was not ready when | started to desjgmwdeamplifier.
Hence the output capacitance is obtained by simulating the device in Catlesrcextracting

the small-signal model.

65



Chapter 5. Broadband Class-E Power Amplifier Design Based Upon EDS$IDevice 66

RF_IN

VB_P1 VB_P2 S P

]

!

200h
—l

20ohm

15.34pF

15.34pF

—i

D
”:WIL=1280/0.28 1339pF

4\ I W/L=3480/0.28
INVERTER

20ohm

| ED-NMOS
| WiL=1280/0.28

20ohm

VB_N1

VB_N2 S s

Ficure 5.1: Schematics of active device

Ficure 5.2: Layout of active device

The active device used in this design is an ED-NMOS transistor with a drregtér in 65nm

CMOS technology. It was designed by M. Acar. Fagl shows the schematics of active device,

and the layout is shown in Fi§.2

To measure DC |-V characteristics, a test setup was built up shown irbRBg.The die was

mounted on a test PCB. The die and PCB was connected via bondwires avhiclot shown

in the figure. The cable resistance of supply cable i€20.During the test, the gate biasing
VBN andVBP for the NMOS and PMOS of inverter are connected together. WheW B¢,
VBPand the supply voltagé DD1 of inverter are fixed, the gate bias voltage for the ED-NMOS
is also fixed. Therefore the gate bias voltage of ED-NMOS is determinedveytén. Hence
the DC I-V characteristics of the ED-NMOS can be obtained by settifigrdint supply voltage
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Ficure 5.3: DC |-V measurement setup
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VDD2 for Vys of the ED-NMOS and dferentv DD1, VBN andV BPfor V4s of the ED-NMOS.
Fig. 5.4 shows the measured results for VBMBP=0V. Since VBN=VBP=0V, the NMOS of
inverter is always opened and the PMOS of inverter is always closedutpat node of inverter
or the gate voltage of ED-NMOS is always equal to supply voltd@D1. In Fig.5.3 two
parasitic source resistorssRand R;» are added to the sources of inverter and ED-NMOS to
take into account parasitic resistance of metal lines of layout. InSH4gthe simulation results
obtained by using Cadence transistor model of ED-NMOS are also shola.cable losses
are taken into account in the simulation. To better model the chip, av-extragtisrdone in
Cadence to extract the parasitic capacitances and resistances. Bot@xshows that there is
0.022 parasitic resistance at the source node. However, the simulated DCrivscshown in
Fig.5.4(a)is larger than the measured results. This may be due to the error betweem#isttr
library model and the real fabricated transistor. One can tune the s@msistance B, to make
the simulation results close to the measured ones. Finally wkea(RLAY, the simulation
results are close to measured results which is shown irbHgb) Besides the transistor model
in Cadence, the DC I-V curves can also be modeled by polynomial fundtiaheere presented
in Section4.1 Fig. 4.2shows the modeled I-V curves by 6th-order polynomial functions.

The av-extraction in Cadence can extract the parasitic capacitanoémgesom the metal lines
of layout. Fig.5.5shows the parasitic capacitances (red) extracted by Cadence. liplerinc
S-parameter measurements were supposed to be done to extract thdedustapacitances.
But since there is no pad on the die for probe measurement, we did not nmehsuactual
S-parameters. The device capacitances are estimated by Cadence sinugdisipthe same
method mentioned in3B]. Since the #iciency is mainly related with final stage, only the
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Ficure 5.5: Schematics of active device with parasitic capacédned) extracted by Cadence

capacitances of ED-NMOS are extracted. Eigh shows the non-linear capacitances,Cyq,
and Gs as a function of drain-source voltaggaor different gate bias voltagegy From the
figure, one can observe that the non-linear capacitangean@ Gyq for different s are almost
overlaid on each other. The capacitancgsdhd Gg can be expressed as:

Cio
(1 + Vas/Vii)"
whereCjo is the capacitance at zero voltadg, is built-in potential, andh is the grading co-
efficient of the pn-junction40Q]. For Cys, Cjo = 3.8pF , Vi = 0.2V, andn = 0.2. ForCgyg,
Cjo = 5.5pF, Wui = 0.2V, andn = 0.2. For the nonlinear gate-source capacita@gg 15th-
order polynomial functions are used to fit the curves. big.summarizes the transistor model

C(vas) = (5.1)

that will be used.
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Ficure 5.8: Bondwires illustrations

Ficure 5.9: Bondwires equivalent circuit

5.1.2 Bondwires Simulation

Besides modeling of the device itself, the bondwires linking the die and PCldshe taken
into account. Fich.8 shows the distributions of bondwires for this die: four bondwires con-
necting the drain terminal of ED-NMOS to PCB, two bondwires for the RFIN REB, three
bondwires for power supply of inverter, one bondwire for each t# s of NMOS and PMOS
of inverter, and six short bondwires for source to ground. A 3D msHelvn in Fig.5.8(b)was
built in ADS-EMDS to simulate the inductance and parasitic resistance anditzap of the
bondwires. In the model, the projection lengththe heightH; andH,, and anglesr and3
have to be defined. Since the rough dimension of the PCB is given, thexiippte projection
lengthd could be obtained. However, from the experience, the hdighdnd anglesr andg
are dfficult to control in practice. Thus only estimated values are given for thesseneters.
For all the bondwires, we assumed= 60°, 8 = 15°, andH; ~ 0.2d. The projection lengtld
is shown in Table.1 The equivalent circuit of bondwires is shown in E@which consists of
bondwire inductanck, parasitic series resistanBg, and parasitic capacitanc€s; andCy to
ground (e.g., bondwire capacitance and bond pads). By S-paranmetdatson, the component
values can be obtained. Tabl& shows the component values foffdrent bondwires at 1GHz.
In the following sections, the simulation model takes into accountffieets of the bondwires.
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TasLe 5.1: Bondwire equivalent inductance and parasitic restgand capacitance at 1GHz

d [ HL [N] L R |Cu]lCw
(mm) | (mm) (nH) | (&) | (tfP) | (fP)
Drain-PCB (g1) 05 | 0.1 0.24 | 0.05| 16.9| 25.7
Source-PCBl(g;) | 0.4 | 0.08 0.07 | 0.02| 8.8 | 50.0
RFIN-PCB (gs) 14 | 0.3 0.93]0.21] 22.0| 38.4
VBN/VBP-PCB (gs) | 0.9 | 0.2 0.80| 0.19] 15.0| 28.1
VDD1-PCB (gs) | 1.0 | 0.2 0.56 | 0.10| 23.4| 34.0

W EFEINO N

5.1.3 Switch-Mode Operation of ED-NMOS

For this transistor, the measured ON-resistanc&§gr= 2.2V is equal to 076Q2. The simulated
average output capacitan@@y§+ Cyg) is 4.14pF. Thus the technology parametgy = wCRon

at 1GHz is equal to 0.02. The breakdown drain-source volBg of ED-NMOS transistor

is about 15V. To relieve the device stress, a lower breakdown drairceso/oltageBVys =

12V is used in the simulation. Since the peak drain voltage is usually three to four times o
supply voltage, a supply voltage of 4V was chosen at the beginningefdner the switch-mode
performance of this synthesized ED-NMOS transistor as a functiapaain be investigated.
Fig. 5.10shows the simulation results fQy = 5 at 1.0GHz. From the figures, one can observe
that the maximum drainficiency of 93% is obtained gt~ 1.7, but the maximum output power

of about 30dBm is obtained at infinite dc-feed inductance. The peakwtiage forVpp = 4V

is beyondBVys = 12V. To protect the device, the peak drain voltage must be reduced. One
can derease the supply voltage to lower the peak drain voltage, but the potper will be
decreased at the same time. In this case, variable-voltage operation id algoce. For the
same supply voltage, the peak drain voltage can be decreased by imgreasametetr. For
example, the peak drain voltage decreases fratvigy, to 3Vpp when thex increases from 0 to

1. The degradation of draitfficiency is only 2%.

For comparison purpose, the results obtained by ED-NMOS Cadencey liin@del are also
shown on the same graph. The results are very close to that of the syathgansistor model.

5.1.4 Linear Operation of ED-NMOS

In the previous section, the switch-mode characteristics of ED-NMOS lbese investigated.
The linearity of ED-NMOS will be discussed in this section. Because of theesgence prob-
lem of the synthesized transistor model, the Cadence library model wabeiseth investigate
the power amplifier. The transistor is biasedvgt = 1.55V, Vgs = 1.2V, andVys = 0.7V,
corresponding to Class-A, Class-AB, and Class-B modes respectivslygle-tone sinusoidal
signal was fed into the gate of the transistor. Eid.1shows the large signal performance over
power sweep at 1GHz for fourfiiérent loadsq = 0.01,q= 1.21,q= 1.41 andq = 1.61).
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Ficure 5.10: Switch-mode performance of ED-NMOS using synthekimedel
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Ficure 5.11: Large signal performance over power sweep at 1GHzftardnt gate bias argl
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It is apparent that the output power @f= 0.01 is about 0.5-1dB larger than that@f 1.21
for the same input signal. For Class-A and Class-AB modes, the dc-fdadtance has little
effect on the drainféiciency when output power is below the saturation power. Theiency
is dependent of the dc-feed inductance only when the power amplifieedethe power that is
near the saturation power. This is due to that the transistor is always tamedconducting
current for a small input signal when biasing at Class-A or Class-ABenddhe diciency is
higher for largeq than for smallg. One can also find that théfeiency is very sensitive to gate
bias voltage. For the same output power, (i.e. 26dBm), fligiency for Class-B mode is 35%
larger than that of Class-AB, and 55% larger than that of Class-A, whiekpected from the
classical power amplifier theory.

Fig.5.12shows the drainféciency, output 1dB compression point, power-output capability and
power gain as a function @fwhen the amplifier is driven into 1dB compression point. It can be
observed that the maximum output 1dB compression point is obtairged 8t01 or RF choke.
The output 1dB compression point decreasegiasreases. The output 1dB compression point
of Class-B is about 2dB larger than that of Class-A. For the Class-Ecloadition, the Class-B
bias always shows better draiftieiency and power-output capability. One can also observe that
the power gain of Class-B is about 6dB small than that of Class-A or @Bs®r g = 0.01.

The power gain of Class-B is very tolerantgfbut that of Class-A or Class-AB decreasegjas
increases.

The intermodulation distortion characteristic is an important parameter to evtiedteearity

of an amplifier. When applying a two-tone signal with equal amplitude to the amptifie
intermodulation products can be found in the output spectrum.5=@.shows the third-order
intermodulation distortion (IMD3) as a function of total two-tone output povwer the power
amplifier, we hope the device can deliver high output power with good liyefr Fig.5.13 one
can find that forPq: = 25dBmthe smallest IMD3 of -35dBc can be obtained when the device
is biased aiys = 1.2V with RF choke. As the gate bias voltayfgs moves from the Class-
A mode to Class-B mode, the IMD3 for the amplifier with the RF choke degracetuglly.
When the device is biased at Class-B mode, the amplifier shows better IMEBife dc-feed
inductance than for RF choke. For example, IMD3 is equal to -30dBPdar= 25dBmwhen
the amplifier is biased at 0.7V fay = 1.21, which is about 5dB worse than that of best value
obtained alVgs = 1.2V, but the dfiiciency is 20% higher than that of amplifier biased at 0.7V
with RF choke. From the figure, the output third-order intercept poitP8pcan be calculated.
Wheng = 0.01, the OIP3 for Class-A is about 38dBm, while 39.5dBm for Class-AB.dbout

10 dB more than output 1dB compression point of Class-A and Class-Ad.algrees very well
with the classical theory of OIP3 and P1dB, which is C#P3dB+9.6dB. For the Class-B, the
OIP3 is about 37dBm whem= 1.21, which is only 5dB larger than P1dB.
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Ficure 5.12: Simulated drainfgciency, power-output capability, 1dB compression poird an
power gain versug for Class-A,AB,and B biases.

From above figures, one can conclude that to maintain Hiiggiency and high linearity at high
output power for this device (ED-NMOS), the amplifier should be bias€tlads-B mode with
finite dc-feed inductance.

5.2 Broadband Class-E Power Amplifier Design

In this section, the systematic design approach for broadband Classdt amplifier will be
described. The design approach is mainly divided into two parts: optimumdesidn at a
single frequency and broadband output load network design. Thafispgon for the final
broadband Class-E power amplifier is shown in Tébk
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Ficure 5.13: 3rd-order intermodulation distortion as a functiduatput power for diferentq
at fo = 1IGHzwith Af = 100kHz

Tasce 5.2: Specifications for broadband Class-E power amplifier

Specification Target value
Operation frequency | 650MHz-1050MHz
Output Power > 30dBm
Output power flatness < 3dB
Drain dficiency > 70%
Power addedféciency > 60%
Power gain > 20dB
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5.2.1 Optimum Load Design

First, an optimum load will be found at a single frequency. The power amplifih this
optimum load can satisfy the required specifications given in Tal@eThe detailed steps are
described as follows.

e Step 1: Calculate the technology parametgt = wCRon andmg i = wCRoEE.

In Sectiorb.1.3 we have known that the average total output capacit@niset.14pF and ON-
resistancdroy is 0.732. Since the technology parameteg, determines the maximum value
of theoretical drain ficiency, it is wise to predict the worst theoretical draificency this
device can obtain. Because timg, is proportional to frequency, the maximumy, is obtained
at the maximum operating frequency. For this design, the maximum operagiggefncy is
about 1GHz. Thus the maximumy, is equal to 0.02. The minimumy;+ is equal to 300
corresponding t&Rorr = 10kQ.

e Step 2: Calculate the duty-cyatkof the drive signal.

The device used in this design includes an inverter which is used to driia#tetage. The
simulated output signal waveform of the inverter at 1GHz is shown in-igl For the nominal
operation, the gate bias voltages for both NMOS and PMOS are 1.2V, arstipipéy voltage

is 2.4V. Since the threshold voltage of ED-NMOS is about 0.7V, the devicdeaegarded in
an active state whevlgs > 0.7V. Thus the duty-cycle is defined as the ratio of time interval of
Vgs > 0.7V to one period. From the figure, one can observe that the duty-dyisl®&6%, the
rise timet, (from 0.7V to 2.1V) is 18%, and the fall timtg (from 2.1V to 0.7V) is 20%.

e Step 3: Calculate the design $€in Maple based upon the input parameters, Mo+,
d, w, Vpp, q, @, andk by analytical approach.

The input parametersy,, Myf, andd are determined by the device itself and the external
drive signal. Generallyw = 1 andVpp = 1. The parameteq, «, andk are user defined.
The dficiency, output power, and drain voltage and current waveformsegrendlent on these
parameters. User can tune these parameters to meet a specific requirgdswally, « andk

are set to zero at the beginning so that the amplifier will operate at optimurs-Elesndition
(zero-voltage switching and zero-slope switching). Then one canpsgveeobtain the design
setK.
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Inverter output signal at 1GHz (V DD=2.4V, VBN=VBP=1.2V)
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Ficure 5.14: Simulated inverter output signal at 1GHz

e Step 4: Calculate the supply voltayep, load resistanc®_ and passive componerits
L1, C, based upon the design g€t loaded quality factofq, and desired output power

PouT.

Since the total output capacitanCeand design se. have been obtained in step 1 and 3, the
load resistance can be found from E¢4

Kc
R = c (5.2)
The supply voltage can be obtained by
Kc Pout
Vpp = 4/ — . .
DD e (5.3)

The passive component valueslL;, andC; are found in a way similar to the example shown
in Section3.2.1 The desired output power for this design is 1W or 30dBm. In Seeti@drthe
effects of non-ideal drive signal on the output power affidiency have already been discussed.
For the drive signal of this device, the rise and fall times are about 28%igl4.9(e) one can
observe that the ouptut power for 20% rise and fall times is about 1dB gnitzdie for ideal
square wave signal. Accounting thiffext, the output power in E§.3 shoule be at least 1dB
larger than the designed output power. For this desRgur = 31dBm Fig5.15shows the
calculated supply voltag€pp and load resistandg_ as a function ofy. One can observe that
for finite dc-feed inductance the required load resistance is larger thafottRF choke. This
relieves the dtficulty in the load resistance design.
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Ficure 5.15: Calculated supply voltage and load resistanc®fge=31dBm

e Step 5: Substitute the calculated supply voltage, load resistance, passigertent val-
ues into the Class-E circuit in Cadence and simulate the circuit to evaluateftwemace
of the amplifier for diferent load impedances.

Fig.5.16shows the drainféciency, output power, power-output capability, and maximum drain
voltage and current as a functionaflt is apparent that the output power for= 0 is very near
30dBm that agrees very well with what we predicted in step 4. The peak-dource voltage
for @ = 0 is about ¥pp which is also equal to theory value (i.eVgb for d = 56%).

e Step 6: Make decision based upon the simulation results.

To assure a reasonable device life time, the device stress should beeceddidstly. If the
peak drain current is larger than the allowed maximum drain current, it mieahtghe device
cannot deliver the desired current. One has to reduce the desireat potper to decrease
the peak current. If the peak drain-source voltage is larger than tlaxden voltage, one
can decrease it by modifying the amplifier operation mode from the optimunaii@eto sub-
optimum operation. For example, one can increase the switch voltage at thentibmewitch

is closed by increasing the parameter The absolute value of peak drain-source voltage for
a = 0 shown in Fig.5.16(e)is larger than breakdown voltag&Vvys = 12V. Thus we can
increaser to decrease the peak drain-source voltage. On the same figure, therzarte of
the amplifier fora = 1 andae = 1.5 is shown. The drain-source voltage and drain current
waveforms are shown in Fi$.17. The increase of switching voltage at the moment the switch
is closed is very apparent in the figure. One can find that the peak sivange voltage has
decreased t0.2Vpp, but the absolute value is still larger than 12V. In this case, one has to
adjust the desired output power level to decrease the supply voltage, \We decreased the
output power from 30dBm to 29.4dBm, thus the output power irbBgwill be reduced to
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Ficure 5.16: Simulated results as a functiongpfior differenta
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Ficure 5.17: Drain-source voltage and drain current waveformsliiderenta

30.4dBm. The simulation results are also shown in Bi@e One can find that by decreasing

the required output power the absolute value of drain-source voltageds the breakdown
voltage forg < 1.

e Step 7: Select the optimumand calculate the corresponding load impedance.

Once the #iciency, output power, and peak drain-source voltage are all satigiedptimum
load is obtained. The tunning procedure mentioned in step 6 will be ceased. +1.5 and
Pout = 30.4dBm the peak drainféciency of 85% is obtained @&t = 0.01 or infinite dc-feed
inductance. The peak output power of 29.2dBm is also obtaingd=ai0.01. Therefore the
optimum load is obtained &t = 0.01 for this device and this specifications. The optimum load
impedances at fundamental and higher harmonic frequencies can blatalc Figs.18shows
the load phase angtk and load magnitud;| as a function ofj for differenta at the funda-
mental frequency. It consists of the device output capacitance andtdagal network. The
optimum load impedance for RF choke at fundamental, second, and thimbhiarfrequencies
are

153,20.8
Zzopt = 138/-897

Z10 pt

Fig.5.19 summarizes the aforementioned design steps for Class-E power amplifismaiex
frequency.
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Ficure 5.18: Load impedance as a functiongpfior differenta

It is necessary to investigate thffexts of load impedance variations on the performance of the
power amplifier. SectioB.2.2has shown that the amplifier is very sensitive to the load phase
angled; at fundamental frequency, and relatively tolerant to the load magnifiadand other
higher harmonic impedances. Thus only tifkeets of the variation of load phase angieon

the eficiency, output power and device stress are shown irbF2g@. One can observe that to
maintain the desired drainfficiency80%), output power29dBm), and peak drain-source
voltagek12V) the usable load phase angle range is betwédn Q0. It also means that the
load phase angl@ of broadband output load network should be in this range over thetopera
frequency range.

5.2.2 Broadband Output Load Network

The optimum equivalent drain load impedances seen from the drain nee®&en given in the
previous section. The optimum load impedangest not including the device capacitance and
bondwires for the operating frequencies are shown in @1 The ideal output performance
is shown in Fig5.22where the drainféiciency exceeds 85%, and the output power 29.3dBm.
The peak drain-source voltage is almost constant around 12V, anddkealpain current around
0.65A over all the frequencies. The falling of PAE is due to the increaseesipawer dissipa-
tion of the inverter as the frequency increases. In order to achieveeahaiddwidth Class-E
sub-optimum mode operation, a load network providing the correct load mmgedover the
bandwidth of operation is required. The proposed load network coafign using lumped el-
ements is shown in Fig.23 It consists of a series DC blocking capacit@jotking followed by

a network like second-order low-pass filter. The dc-feed inductigralso a part of the output
load network.
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TasLe 5.3: Ideal lumped element values for output load network

L L1 C1 Lo C,
12nH | 4.5nH | 7.8pF| 7.5nH | 3.3pF

The output load network was synthesized by ADS optimizer. The optimizatials geere set
to the optimum load impedances at the operation frequencies. For this desghetdrain
load phase anglé; < 20°, 8, < —60°, and load magnitudi;| ~ 15. However, these goals
cannot be satisfied at all operation frequencies. HaBlpresents element values of the ideal
lumped elements. The synthesized load impedances over the operaticenfrieguare shown
in Fig.5.24 The synthesized load magnitudg| is around 2@ that is larger than the optimum
value of 1. This will lead to lower output power. The ripple (] is relatively small. The
synthesized); is below 20 from 0.7GHz to 1.1GHz, buf, of second harmonic load phase
angle at 1.4GHz is larger thari @hich will lead to low drain éiciency.#, is smaller than -60
above 1.6GHz so that the usable frequency range is from 0.8GHz to £.1GH

The simulated amplifier performance for the synthesized output load netverkhown in
Fig5.25 One can observe that the output power is larger than 27dBm from @8&GH2GHz
with 1dB flatness. The drainfficiency is above 80%, and PAE is about 60% from 0.8GHz to
1.2GHz. The peak drairfiéciency is about 90%. The power gain is about 12dB with 1dB ripple.
The peak drain-source voltage is below 12V except around 0.8Gli$z12t 3V around 0.8GHz.
We think that is acceptable. The drain-source voltage waveforms avenshaorig5.26 as a
function of frequency. It is apparent that the operation modefier@int at diferent frequencies
dut to the diferent load impedances.
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Ficure 5.24: Synthesized drain load impedances as a function gfiérecy with ideal lumped
elements

5.3 Layout and Post-Layout Simulations

The layout was designed to implement the broadband Class-E power amplifieata’s high

Q inductors and capacitors were selected for the output load networe Sia &ects of mi-
crostrip lines and parasitic resistances, capacitances and inductdméesata’s components,
the final passive component values arfedent from the ideal lumped elements given in Ta-
ble 5.3 But the main design goal is still to realize the required load magnitudes arsg pha
angles in the operation frequency band. The Murata component vakish@vn in Tablg.4.

The final layout is shown in Fi§.27. In the figure, the resistdRsiqp and capacitoCgp at the
input make the power amplifier unconditionally stable both at low and high émcjas. The
final layout was simulated by Momentum, and imported into schematics to do posit-kEgnu-
lations with Murata components. The synthesized drain load impedancdwane is Fig5.28
One can see that the load phase amdgls much flatter foiC; = 6.2pF than forC; = 6.8pF.

But this component o1 = 6.2pF is out of stock, and can only be delivered after two months.
We could not wait for so long time. Therefore in the final design, the compoofC, = 6.8pF
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Ficure 5.25: Power amplifier performance for the synthesized itleaped elements

TasLe 5.4: Murata lumped element values for output load network

L Ly C Lo Ca
12nH | 3.3nH | 6.8pF| 7.5nH | 2.2pF

was used. One can also find that the load phase @#gel.2GHz (the second harmonics of
0.6GHz) is larger than®0 This will lead to lower drain ficiency.

The post-layout simulation results of switch-mode operation from 0.6GHz tB8Hz2are pre-
sented in Figh.29 The power level of the input RF signal is 14dBm so that the power amplifier
operates at switch-mode. The supply voltage for the final stage (ED-8)N&V, and 2.4V for
inverter. The gate bias voltage for NMOS and PMOS of the inverter is 1.2V.

One can observe that the output power is larger than 27dBm from 0.86%GH05GHz, but
smaller than what we expected. This is because the synthesized load madhitisl larger
than the optimum value of 1XB The flatness of the output power is less than 1dB from
0.65GHz to 1.05GHz. The drairffiziency is larger than 75% from 0.65GHz to 1.05GHz, and
the power-addedticiency is above 50% in this range. The drafficgency is smaller than the
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Ficure 5.26: Drain-source voltage waveforms afelient frequencies for the synthesized ideal
lumped elements
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Ficure 5.27: Final PCB layout
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Ficure 5.28: Drain load impedances for final layout with Murata comgnts

result obtained by ideal lumped elements. This is due to the loss at the paesigiamces of
passive components and metal loss of microstrip lines. The output podeliraim dficiency

are quite flat from 0.65GHz to 1.05GHz because of the flat load magniydend small ripple

in load phase anglé;, over this range. The power gain is more than 13dB from 0.65GHz to
1.05GHz without input matching. The peak drain-source voltages at 6i6%2Gd 1.05GHz are
about 12.5V. We think the device can undertake this high drain voltageb. Fege)shows that

the amplifier is unconditionally stable from 0 to 5GHz.

We are very interested in how the duty-cycle influences the performdiioe loroadband Class-
E power amplifier. In this design, the duty cycle is adjusted by setting ftiereint gate bias
voltages of NMOS and PMOS of inverter. Fig30shows the waveforms of the drive signals
to the final stage (ED-NMOS) tuning Bygn andVep at 1GHz. The duty cycle decreases from
72.3% to 49.1% when the gate bias voltayygg andVgp increases from 1.0V to 1.3V.

The dfects of variations of duty-cycle on the output power, drdficiency, PAE, power gain,
peak drain-source voltage and stability are shown ing=34. It is apparent that by increasing
the duty cycle (decreasingsy andVgp) the output power can be improved, but the peak drain-
source voltage will be increased simultaneously. The power gain is alsagent by increasing
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Ficure 5.29: Post-layout simulation results of switch-mode
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Ficure 5.30: Drive signal waveforms tuning by gate bias voltagedlbfOS and PMOS of
inverter.

the duty-cycle. This agrees very well with the theory showrbjn The peak drain fciency is

improved by increasing the duty-cycle because of higher output péVesrever the fluctuation
in drain dficiency forVgy = Vep = 1.0V is larger than that foWgny = Vgp = 1.2V. This is

because the amplifier is designed for duty cytle 56% orVgn = Vep = 1.2V. The required
load impedances fal = 723% orVgn = Vegp = 1.0V are diferent from that fod = 56%

or Ven = Vep = 1.2V. The figure also shows that the amplifier is stable for dfedént duty-
cycles.

Since the gate bias voltagéects the linear operation, it is necessary to investigate the DC gate
bias voltage of ED-NMOS as a function ¥y = Vgp. Fig.5.32shows the relation between
the these two voltages. For ED-NMOS, the threshold voltage is about (d\tha maximum
linear input voltage is 2.4V. Thus the gate bias voltage for Class-A mode is,1JaB8\0.7V for
Class-B mode.

Fig.5.335.36 show the simulation results for linear-mode at 0.7GHz, 0.8GHz, 0.9GHz and
1.0GHz. In these figures, one can find that the small-signal power gainlyisvalid when
gate bias voltage is larger than the threshold voltage. The small-signal gaimés about 25dB

for Vgn = Vep = 1.0V, and 29dB forvgy = VWp = 1.1V. For the same output power, the
third-order intermodulation distortion (IMD3) forgy = Vep = 1.0V is better than other bias
voltages, but the drainfléeciency is quite low for this bias voltage. Fig37 shows the charac-
teristics at 1dB compression point. It shows that for Class-A or B mode thi-siguaal power
gain is much larger than that of Class-C mode, but the dféiciency at 1dB compression point

is quite low for Class-A or B mode compared with Class-C mode.
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Ficure 5.31: Hfects of variations of duty-cycle on the performance of shvittode
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Ficure 5.32: DC static gate-source bias voltage as a functiovkQfandVgp.
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Ficure 5.33: Post-layout simulation results of linear-mode ofienaat 0.7GHz.
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Ficure 5.34: Post-layout simulation results of linear-mode ofiensat 0.8GHz.
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Ficure 5.35: Post-layout simulation results of linear-mode ofiensat 0.9GHz.
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Ficure 5.36: Post-layout simulation results of linear-mode ofiensat 1.0GHz.

Vppa=40V, p =2.4V Vppa=40V, ) =2.4V

30 T T 15 T T

28 : 1 10,

24

—=— VBN=VBP=1.0V
22| —— VBN=VBP=1.1v
—e— VBN=VBP=12V
‘== VBN=VBP=1.3V

—=— VBN=VBP=1.0V
-5 —6— VBN=VBP=1.1V
—e— VBN=VBP=12V
- = VBN=VBP=13V

Output 1dB compression point (dBm)
Input 1dB compression point (dBm)
(=] 1

20 . - -10 -
0.7 0.8 0.9 1 0.7 0.8 0.9 1
Frequency (GHz) Frequency (GHz)
@) (b)
VDD2=4.0V, VDD1=2'4V VDD2:4.0V, V001:2‘4V
- T 30 T T
—&— \BN=VBP=1.0V 9
17| ——vBN=vBP=1.1v 1
0.9 —e—VBN=VBP=1.2V 1 _~25F
Q- =VBP= [ 4
E 0.8 VBN=VBP=L3V { = \\
Py g s m L n
© 0.Tgmmmemmm T g% .
2 06f 1 %) 15 f
gosf = OO OO OO
& L ] ‘©
504 > 10t
£ 03} { @ S
g 2 —&— VBN=VBP=1.0V
A 0.2 o s 1 3 5t —o— VBN=VBP=1.1V
o) ¢ ¢ 4 —e— VBN=VBP=1.2V
. ‘== VBN=VBP=1.3V
Q Q
0.7 0.8 0.9 1 0.7 0.8 0.9 1
Frequency (GHz) Frequency (GHz)
(c) (d)

Ficure 5.37: Post-layout simulation results of linear-mode opensat 1dB compression point
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5.4 Conclusion

In this chapter, theféects of load network and gate bias voltage on the linearity of ED-NMOS
were investigated. It shows that the best IMD3 is obtained when the @owglifier is biased at
Class-AB mode with RF choke. For the Class-B biasing condition, the finifeaettinductance
can improve the IMD3 performance. In addition, a systematic design agpfoabroadband
Class-E power amplifier was described, and a broadband Class-E ampkfier based upon an
existing CMOS die was implemented from 0.65-1.05GHz. The post-layout simulieggults

for switch-mode show that the draiffieiency exceeds 75%, output power is larger than 27dBm
from a 4.0V supply, and peak drain-source voltage is less than 12.8\odiput power flatness

is less than 1dB.



Chapter 6

Measurements

To verify the performance of the proposed broadband output loadneterbroadband Class-E
power amplifier was implemented. Fégl shows a photo of the fabricated PCB of the proposed
design. The PCB size is 325mnt. The measurement results will be given in this chapter.

6.1 Test Setup

The block diagram of the test setup is shown in €ig. The one-tone or two-tone signals are
generated by Rohde & Schwarz SMIQ with AMIQ to drive the amplifier. Thiot of the
broadband power amplifier is fed to the spectrum analyzer Rohde & $zh&D). To protect
the spectrum analyzer, two 6-dB attenuators were inserted between thiéesroptput and
FSQ. All the equipments are controlled by the automatic test program in Labview

A

Ficure 6.1: Photograph of implemented broadband Class-E powelifaanp
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Ficure 6.2: Block diagram of the measurement setup for broadbaasscEE power amplifier

6.2 Measurement Results

6.2.1 Comparison of Simulated and Measured Results

Fig.6.3 shows the comparison between the simulated and measured output powergaa,

drain dficiency, and power addedfeiency (PAE) values against frequency from 500 to 1200MHz.
The device is biased &tpp1 = 2.4V, Vpp2 = 5.0V, andVen = Vep = 1.1V at RF input power

of 14dBm.

Close agreement is achieved between the simulated and measured ouguapdwower gain
between 0.6GHz and 1.0GHz. At high frequencies (i.e. 1.1GHz and 1.p@&tzmeasured
output power is 2dB larger than the simulated results.6E8ga)shows that the measured band-
width for APgyt < 1dBis wider than the simulation result. But §=1.0GHz, the maximum
difference of 8% is found in drainfficiency. The diference between measurement and simu-
lation might be due to the transistor models. The model of ED-NMOS is a firsidrowdel
which means the device was only measured and modelled once. The modaltvdeseloped
after that. The DC |-V measurement shown in big.also implies that the ED-NMOS model in
Cadence Library is dlierent from the fabricated one. Besides the transistor model, the inaccu-
rately modelled bondwires might also contribute to thEedence, especially at high frequencies.
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Ficure 6.3: Comparison of simulated and measured performanceeqgbritposed broadband
Class-E PA as a function of frequency: (a) output power, (wyqr gain, (c) drain fciency,
(d) power addedféciency.

We only know the rough length of the bondwires, and do not know the hefghe bondwires.
This might lead to that dierence.

Measured output power indicates the flat characteristic associated witband design from
560MHz to 1050MHz, at a value of 3G:8.5dBm. A power gain of between 16-17dB has been
observed over the frequency band 560MHz to 1050MHz. The dfasiency and PAE remain
above 67% and 52% across the same bandwidth. The peak fireierey of 77% and peak PAE
of 65% are measured at 700MHz with 31dBm output power. The fluctisitioarain g€ficiency
and PAE over a bandwidth of 490MHz are less than 13%. Therefore thsuresl bandwidth

for this CMOS Class-E power amplifier is about 60.9% wih,; > 30dBm n > 67%, and
PAE > 52%. Since the equipment for the waveform measurement is not availahls &b this
moment, the drain voltage waveforms cannot be shown here.

!Bandwidth: the frequency range for which the variation in the output pasless than 1.0dB.
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TasLE 6.1: Comparison broadband Class-E PAs
Specifications Y. Qin D.Y.C. Lie J.Jang | A.A. Tanany| This Work
2005(42] 2006[L]] 2007¢47 200912 2010
Frequency [GHZz] 0.54-0.89 0.5-1.2 0.8-0.94 0.6-1.0 0.56-1.05
Bandwidth [%] 48.9 82.3 16.1 50 60.9
Pout [dBmM] > 20 > 172 > 31 > 452 > 30
APgy; [dB] <25 <30 <05 <17 <10
Power Gain [dB] > 8.0 >7.2 > 30 > 10 > 16
Drain Eficiency [%0] N.A. N.A. N.A. > 66 > 67
PAE [%] > 50 > 50 > 55 > 62 > 52
PAEpeax [%0] 66.5 70 62 80.6 65
Technology PHMET SiGe CMOS GaN CMOS
Topology Single-stagg Single-stage Two-stage| Single-stage Two-stage
TasLE 6.2: Comparison CMOS Class-E PAs
Specifications C. Yoo K.Mertens J. Ramos J. Jang This Work
200143 2002p4] 2005@5] 200741 2010
Frequency [MHZz] 900 700 855 875 700
Voo [V] 1.8 2.2 2.3 3.3 5.0
Pout [dBM] 29.5 30.0 30.0 31.7 31.0
Power Gain [dB] N.A. 18 20 30.3 17
Drain Hiiciency [%)] 46 N.A. 67 N.A. 77
PAE [%] 41 62 66 62 65
Technology 0.2%m CMOS | 0.3%um CMOS | 0.35%:m CMOS | 0.1&m CMOS | 65nm CMOS
Topology Two-stage Two-stage Two-stage Two-stage Two-stage
single-ended PA differential PA | differential PA | differential PA | single-ended PA

Table6.1summarizes the published broadband Class-E power amplifiers arourtdzl.GGm-
pared with PHMET and SiGe technologies, this CMOS power amplifier canedéligher out-
put power because the breakdown voltage of the extended-drain NM@8ch higher. High
supply voltage of 5.0V is applied to the final stage. Compared with the CMO@mpamvplifier
in [41], the bandwidth of this work is much wider than that one. The peak PAE ighessthe
GaN power amplifier in12]. However, the output power, draififieiency and PAE of this work
is relatively flat across a very broad frequency range.

In Table6.2 the performance of the proposed Class-E power amplifier is comparedhatth
of other power amplifiers in CMOS technology at a single frequency. Simegurpose of
this design is to implement a broadband Class-E PA, we designed a load kethioh has a
relatively flatimpedance over a broad frequency band although theitudgiof load impedance
is large. In B9], Acar has already shown that 4W output power can be obtained with 286 P
at 2.0GHz by using ED-NMOS device. Therefore, there is ho doubtvthan using the ED-
NMOS device to design a Class-E power amplifier higher output power ¢tmuitthieved at a
single frequency by using lower load impedance.
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Ficure 6.4: Broadband measurement of dynamic inverter gate bi&@asfs-E PA: (a) output
power, (b) power gain, (c) drairffeciency, (d) power addediiciency.

6.2.2 Dynamic Inverter Gate Bias

In chapter 5, the féects of variations of inverter gate bias voltage has been studied in simula-
tion. Fig6.4 shows the measured results of variation¥/pf; = Vgp from 1.1V to 1.3V. From
Fig.5.32 one can observe that the gate bias voltage of ED-NMOS increases gatéhbias
voltages Vsn andVgp) of inverter decrease. Thus the device can deliver more output gower
the load as the gate bias of inverter decreases. One can adjust thepmwpuievel by tuning

the gate bias voltages of inverter. The fluctuation fiiceency between 500 to 1100MHz for
these three bias voltages are relatively small.

Fig.6.5 shows the output power, drairffigiency, and PAE as a function of input power at
900MHz for diferent gate bias voltages of inverter. It is apparent that the small-signedrp
gain only exists when the power amplifier is biased at Class-A or Class-AR méthen the
power amplifier is driven into switch-mode, the draifi@ency and PAE are less sensitive to the
gate bias voltages.
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Ficure 6.5: Measured RF input power sweep at 0.9GHz with inverter bs as a parameter:
(a) output power, (b) power gain, (c) draiffieiency, (d) power addedféciency.

6.2.3 Dynamic Supply Voltage for ED-NMOS and Inverter

For an envelope tracking amplifier, the averaffeency is improved by dynamically modulat-
ing the supply voltage of power amplifier. F6g6 shows the output power, draiffieiency, and
power addedf@iciency as a function of supply voltagedp,) of ED-NMOS across 500MHz to
1200MHz. The supply voltage of inverter is fixed at 2.4V, and the RF ipputer is also fixed

at 14dBm. One can observe that when the supply voltage decreaseS.0%9 to 1.0V, a 12dB
output power drop is associated with that variation. The drffiniency is quite tolerant to the
changes o¥pp,. However, the power addedfieiency decreases linearly as the supply voltage
Vpp2 decreases.

To improve PAE at power backfp supply modulation is applied to both of ED-NMOS and
inverter. Fig6.7 plots the output power at 0.9GHz as a function of supply voltdgg, of
ED-NMOS with supply voltage&/pp; of inverter as a paramete¥/pp, changes from 1.0V to
5.0V. Meanwhile,Vpp1 changes from 1.6V to 2.4V. A power variation of 16dB is found in
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Ficure 6.6: Broadband measurement of dynamic supply voltage folNBIDS: (a) output
power, (b) drain ficiency, (c) power addedleciency.

that figure. The corresponding draiffieiency and PAE against the output power are shown in
Fig.6.8 From Fig6.8(b) one can observe that the PAE can be improved by decre¥sifng

for low output power. For example, the PAE is increased by 27% at optmuér of 18dBm
when decreasinypp; from 2.4V to 1.6V. Fig6.9 plots the drain fficiency and PAE for the
optimum supply voltages of ED-NMOS and inverter foffeient output power. It shows that
the PA exhibits a 45% PAE and a 68% dratti@ency at 10dB power backfofrom 30.2dBm

at 0.9GHz. Figs.10shows the drainféciency and PAE against the output power for optimum

supply voltages at other frequencies. It shows the PAE exceeds #00adB power back-f
across 500MHz to 1100MHz.

6.2.4 Third-Order Intermodulation Distortion

The linearity of the proposed power amplifier is tested by feeding two-tonalsignto the power
amplifier and measuring the third-order intermodulation distortion (IMD3).6F1d.shows the
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Ficure 6.11: Measured IMD3 with VBNVBP as a parameter at 0.9GHz

measured IMD3 at 0.9GHz as a function of total two-tone signal outpuepwaith gate bias of

the inverter as a parameter. When the gate bias volt&fggsandVep) of inverter increases from
1.1V to 1.2V, the gate bias voltage of ED-NMOS decreases to or under #htiid voltage,
which has been shown in F§32 Thus, the device becomes a strong non-linear amplifier so
that the IMD3 performance gets worse. The optimum IMD3 of -30dBdH@¢ = 25dBmis
obtained aWgn = Vgp=1.12V. The IMD3, drain fficiency, and PAE versus total output power
for Class-AB mode are shown in Fgl2across 500MHz to 1200MHz. One can observe that
the dificiency is less than 20% for IMB-30dBc. To improve the linearity andfiency, an
advanced transmitter architecture, such as ET, LINC, or DohertyJégbeumplemented.

6.3 Conclusion

In this chapter, the measurement of the proposed broadband CMOSECamsser amplifier
was done. The measured results are close to the simulation. The measusbovead that
the amplifier, with a 5.0V supply for ED-NMOS, 2.4V supply for inverter, 1.d&te bias for
inverter, and 14dBm RF input power, was capable of delivering more3@dBm output power
with n > 67% andPAE > 52% over the band 560MHz to 1050MHz. The flatness of output
power is less than 1.0dB, and the fluctuations in dréiciency and PAE are less than 13% over
the same band. The measurement also indicated that the output power,gadnvand PAE
can be improved by increasing the gate bias voltage of ED-NMOS throwgkakeng the gate
bias of inverter. To understand the performance at power bfickhe supply voltages of ED-
NMOS and inverter were modulated. The measurement showed more thaRAB#nd 60%
drain dficiency can be achieved at 10dB power baékewer the band 500MHz to 1100MHz.
IMD3 measurement showed that the drafficéency is less than 25% fd?,, = 25dBmwith
IMD3 < —25dBcacross the same frequency band.
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Ficure 6.12: Measured IMD3, drainficiency and PAE versus output power at: (a) 0.5GHz,
(b) 0.6GHz, (c) 0.7GHz, (d) 0.8GHz, (e) 0.9GHz, (f) 1.0GH®, 1.1GHz, and (h) 1.2GHz.






Chapter 7

Conclusions and Future Work

7.1 Conclusions

This project focused on analyzing the performance of an RF power aenplith a Class-E like
load for linear and switching operation. Meanwhile, the broadband cteaistics of Class-E
power amplifier is another subject. To understand the fundamental pris@pline Class-E
power amplifier, an analytical approach based upon mathematical denvatias applied to
the conventional Class-E circuit. The non-ideal switch resistance, finifeat! inductance,
finite loaded quality factor, and arbitrary switch duty-cycle were all takém account to give

a closed-form solution for the Class-E power amplifier. The mathematicabtiens also take
into account the dilerent operation modes, such as variable voltage and variable sloga. Fro
the analytical solution, the required load impedances at fundamental endria frequencies
were obtained. The influence of the load impedance variation was stutiéews that the load
phase angle at fundamental frequency is the most important parametsigio.dehe amplifier is
sensitive to that parameter. In addition, the broadband characteristius @fnventional Class-
E power amplifier were discussed. Since the load phase angles of fum@hrfrequencies
increase very fast as frequency varies, the conventional Clasggtitdoad network cannot
operate over a very broad frequency rang8 ¢ 40%). Other topologies have to be used for
the broadband applications.

To understand the impact of a non-ideal drive signal on the switchadtig® numerical meth-
ods to represent the transistor were implemented. The simulation shows thatphter with
finite dc-feed inductance is quite tolerant to the non-ideal drive signal.26% rise and fall
times, the drain ficiecny is only degraded by 5% foy = 1.81, while for the RF choke this
degradation is more than 10%. The developed transistor model was atbtouzealyze the
linear operation of the amplifier. It showed that the gate bias voltage deteythi@ower gain
and drain éiciency when the amplifier is driven into 1dB compression point.

109
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To analyze the linearity of the Class-E power amplifier when operating in tharlimede,

a realistic compact CMOS transistor model (extended-drain NMOS) wak uEbe results
indicated that for the Class-AB operation mode, the power amplifier with thehBkechas the
best linearity or highest third-order intermodulation distortion suppressikmthe gate bias
voltage moves to Class-B operation, the power amplifier with finite dc-feecciadoe can
provide a similar IMD3 performance as the RF choke does. In additionpadband Class-E
power amplifier based upon this CMOS device was designed and implementedfyotire
developed systematic design approach. The measurements indicated @ @gdizthnd output
power performance in the 560-1050MHz band, for which the outpuep@iarger than 30dBm
and output power variation is less than 1dB. The drdiciency is between 67% and 77% and
PAE is between 52% and 65% over the same band. When using the dynamge\suizply
for the ED-NMOS and inverter, the PA achieves a PAE of 40% and a dfiaiieecy of 60% at
10dB power back-d over the band 500MHz to 1100MHz. The IMD3 measurement shows the
PA cannot provide an acceptabl@@aency when requiring an IMD3 less than -30dBc. Clearly
here a trade{ exists between the linearity anétieiency. To improve at this point, We could
apply the envelope tracking, LINC or Doherty transmitter to achieve hiijtiency and good
linearity simultaneously.

7.2 Recommendations for Future Work

e In chapter 5 and 6, one can observe that the power adtletkecy for this device is not
very good compared with the achieved draificéency. This is due to the large power
consumption of inverter. To improve at this point, a low-power inverter khbe devel-
oped.

e To perform the digital pre-distortion, the memonjexts and AM-AM and AM-PM con-
version in this non-linear device should be studied. The impact of the finifeedtin-
ductance on the memorytects and AM-PM conversion should be discussed.

e In [46], M. v. Schie had designed the broadband power combining networtkéoout-
phasing amplifier based upon Class-E power amplifier. In that work, theqmmbining
network has broadband characteristics. If the output load netwoedafdr branch Class-
E power amplifier is also broadband, the frequency response of thie whitphasing
amplifier will be more reasonable.



Appendix A

Maple Code for Analytical Analysis

In this appendix the Maple code is shown for analytical analysis of caiorex Class-E power
amplifier introduced in chapter 3.

restart:

Digits:=10:

with(plots):
with(DiscreteTransforms):
Counter:=0:

NP:=41:

Vdd:="vdd’:

q:="q’:

omega:=’'omega’:

d:="d’:
p:="p’
phi:="phi’:

mon:=’'mon’:
Conl:="Conl’:
Con2:="Con2’:
Coffl:="Coffl’:
Coff2:="Coff2":

for j from 1 by 1 to NP do
tvcon(j) :=0:
tvcoff(j):=0:
tison(j):=0:
tisoff(j):=0:

ticon(j):=0:
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ticoff(j):=0:
tiron(j) :=0:
tiroff(j):=0:
tilon(j) :=0:
tiloff(j):=0:
ton(j):=0:
toff(j):=0:
od:

### Analytical solution for ideal Class-E power amplifier (infinite loaded quality

factor)

### 2nd-order differential equations for ideal Class-E power amplifier in time-domain.

### Vcon(t) and Vcoff(t) are switch voltage at ON and OFF time intervals.

#eqn[1l]:=diff(x(t),t$2)+(omega/mon) *diff(x(t),t)-(Vdd-x(t))*q "2*omega "2-p*Vdd*q"2*
omega " 2*cos (omega*t+phi):

#dsolve(eqn[1],x(t)):

aon:=(1/2)*(-1+sqrt(l-4%*q"2*mon"2))/mon:
bon:=-(1/2)*(1+sqrt(1-4*q"2*mon"2))/mon:
Vcon(t) :=Conl*exp(aon*omega*t)+Con2*exp(bon*omega*t)+Vdd+Vdd*(p*q~“2*mon"2*(q-1)*(q+1)*

cos (omega*t+phi)+p*sin(omega*t+phi)*mon*q~2)/(1+(q"4-2*q"2+1)*mon"2):

#eqn[2]:=diff(y(t),t$2)+(omega/moff)*diff(y(t),t)-(Vdd-y(t))*q " 2*omega”2-p*Vdd*q~2*
omega 2*cos (omega*t+phi):

#dsolve(eqn[2],y(t)):

aoff:=(1/2)*(-1+sqrt(l1-4*q"2*moff"2)) /moff:
boff:=-(1/2)*(l+sqrt(1-4*%q " 2*moff"2))/moff:
Vcoff(t):=Coffl*exp(aoff*omega*t)+Coff2*exp(boff*omega*t)+Vdd+vVdd*(p*q 2*moff"2*(q-1)

*(q+1) *cos (omega*t+phi)+p*sin(omega*t+phi)*moff*q"2)/(1+(q"4-2*q"2+1) *moff"2):

### using inductor current and capacitor voltage continuities at turn-on moment, we

can find the Conl,Con2 in terms of p,q,phi,d,omega,mon,moff,alpha,k.

eqnl:=subs(t=0,Vcon(t))-alpha*Vvdd:
eqn2:=subs(t=0, (1/(p*Vdd*q " 2*omega)) *diff(Vcon(t),t)+alpha*Vvdd/(p*Vdd*q"2*mon)-sin(
omega*t+phi))-subs(t=2*Pi/omega, (omega*Vdd*k/(p*Vdd*q"2*omega))+alpha*vVdd/(p*Vdd*q

“2*moff)-sin(omega*t+phi)):

sml:=solve({eqgnl,eqn2},{Conl,Con2}):

assign(sml):
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### using Class-E contidions at turn-off moment, we can find the Coffl,Coff2 in terms
of p,q,phi,d,omega,mon,moff,alpha, k.
eqn3:=subs(t=2%Pi/omega,Vcoff(t))-alpha*Vvdd:

eqnd :=subs (t=2*Pi/omega,diff(Vcoff(t),t))-omega*Vdd*k:

sm2:=solve({eqn3,eqnd},{Coffl,Coff2}):

assign(sm2):

### using inductor current and capacitor voltage continuities at turn-off moment, we
can find the p,phi in terms of q,d,omega,mon, moff,alpha,k.

eqn5:=subs(t=d*Pi/omega,Vcon(t))-subs(t=d*Pi/omega,Vcoff(t)):

ILond:=subs(t=d*Pi/omega,diff(Vcon(t),t)/(p*Vdd*q~2*omega)+Vcon(t)/(p*Vdd*q 2*mon)-sin
(omega*t+phi)):

ILoffd:=subs(t=d*Pi/omega,diff(Vcoff(t),t)/(p*Vdd*q " 2*omega)+Vcoff(t)/(p*Vdd*q 2*moff)
-sin(omega*t+phi)):

eqn6:=ILond-ILoffd:

### express p and phi in terms of q,d,omega,mon, moff,alpha, k.
gl:=collect(expand(eqn5),{p,sin(phi),cos(phi)}):
g2:=coeff(gl,p,1):

al:=coeff(g2,sin(phi)):

bl:=coeff(g2,cos(phi)):

cl:=coeff(gl,p,0):

g3:=collect(expand(eqn6*p),{p,sin(phi),cos(phi)}):
g4:=coeff(g3,p,1):

a2:=coeff(g4,sin(phi)):

b2:=coeff(g4,cos(phi)):

c2:=coeff(g3,p,0):

fl[1]:=x*(tal*sin(y)+tbl*cos(y))+tcl:

f[2]:=x*(ta2*sin(y)+tb2*cos(y))+tc2:

sm3:=solve({£f[1],f[2]},{x,y}):

assign(sm3):

### set the values for input parameters Vdd, omega, d, g, mon, moff, alpha, k, loaded
quality factor.

Counter:=Counter+1:

Vdd:=1:

omega:=1:
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d:=1:
q:=1.412:
mon:=0.01:
moff:=1000:
alpha:=0:
k:=0:
LoadedQ:=2:

### calculate the values of p and phi.
tal:=Re(evalf(al)):
tbl:=Re(evalf(bl)):
tcl:=Re(evalf(cl)):

ta2:=Re(evalf(a2)):
tb2:=Re(evalf(b2)):
tc2:=Re(evalf(c2)):
tp:=allvalues(x):

tphi:=allvalues(y):

if Re(tp[1])>0 then
p:=Re(tp[1]):
phi:=Re(tphi[1]):
elif Re(tp[2])>0 then
p:=Re(tp[2]):

phi:=Re (tphi[2]):

end if:

TConl:=eval(Conl):
TCon2:=eval(Con2):
TCoffl:=eval (Coffl):

TCoff2:=eval (Coff2):

### numerically express the switch voltage Vcon(t) and Vcoff(t).

TVcon(t) :=TConl*exp(aon*omega*t)+TCon2*exp (bon*omega*t)+Vdd+Vdd*(p*q " 2*mon"2*(q-1) *(q

+1) *cos (omega*t+phi)+p*sin(omega*t+phi)*mon*q~2)/(1+(q"4-2*q"2+1)*mon"2):

TVcoff(t):=TCoffl*exp(aoff*omega*t)+TCoff2*exp(boff*omega*t)+Vdd+Vdd*(p*q 2*moff"2*(q

-1)*(q+1) *cos (omega*t+phi)+p*sin(omega*t+phi) *moff*q~2) /(1+(q"4-2%q"2+1) *moff"2):

### calculate the ideal drain efficiency and design set K.

pswitch:=int(TVcon(t) "2/mon,t=0..d*Pi/omega)+int (TVcoff(t) "2/moff,t=d*Pi/omega..2%Pi/

omega) :

pdc:=Vdd*(int (TVcon(t) /mon,t=0..d*Pi/omega)+int (TVcoff(t)/moff,t=d*Pi/omega..2%Pi/

omega)):
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Idc:=Re((omega/(2*Pi)*(int(TVcon(t) /mon,t=0..d*Pi/omega)+int (TVcoff(t)/moff,t=d*Pi/
omega..2*Pi/omega)))):

Tpswitch:=Re(evalf(pswitch)):

Tpdc:=Re(evalf(pdc)):

ieff:=1-Tpswitch/Tpdc;

intonl:=int(TVcon(t),t=0..d*Pi/omega):
inton2:=int(TVcon(t) "2,t=0..d*Pi/omega) :
intoffl:=int(TVcoff(t),t=d*Pi/omega..2*Pi/omega):

intoff2:=int(TVcoff(t) "2, t=d*Pi/omega..2*Pi/omega):

kl:=Re((p*Vdd*q) "2*Pi/(omega*((intonl*Vdd/mon-inton2/mon)+(intoff1*Vdd/moff-intoff2/
mof£))));

kc:=1/(q"2*k1);

kp:=p~2/(2*%k17°2);

vr:=int (TVcon(t)*sin(omega*t+phi),t=0..d*Pi/omega)+int (TVcoff(t)*sin(omega*t+phi),t=d*
Pi/omega..2*Pi/omega):

vx:=int (TVcon(t)*cos (omega*t+phi),t=0..d*Pi/omega)+int (TVcoff(t)*cos(omega*t+phi),t=d*
Pi/omega..2*Pi/omega):

kx:=Re(vx/vr);

mr:=evalf(kc/mon); # mr:=R/Ron:

if evalf(kx)>=0 then
QL:=evalf(LoadedQ+kx):
QC:=evalf(LoadedQ):
elif evalf(kx)<0 then
QL:=evalf(LoadedQ):
QC:=evalf(LoadedQ-kx):
end if:

T:=2%Pi/omega:

td:=d*T/2:

### Solve the 4th-order differential equations for Class-E power amplifier with finite

loaded quality factor.

#constants in the differential equations

Cal:="Cal’:

Cb1l:="Cbhl1l":
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Ccl:="Ccl’:
Cdl:="Cd1’:
Ca2:="Ca2’:
Cb2:="Cbh2":
Cc2:="Cc2":
Cd2:="Cd2":

cal:="cal’:
cbl:="cbl’:

ccl:="ccl’:

cdl:="cdl’:
ca2:="ca2’:
cb2:="cbh2"’:
cc2:="cc2’:
cd2:="cd2’:

sal:="sal’:

sbl:="sbl’:
scl:="scl’:
sdl:="sdl’:

sel:="sel’:

sfl:="sfl’:
sa2:="sa2’:
sb2:="sb2’:
sc2:="sc2’:
sd2:="sd2’:
se2:="se2’:
sf2:="sf2":

sal:=(QL/QC)*(1/(omega”4*q~2)):

sb1:=(QL/QC)*(1/omega”3)*(1/(q"2*mon))+1/(QC*omega 3*q"2):

scl:=1/(QC*omega”2*q "2*mon)+1/(omega”2*q"2)+1/(omega”2%q " 2*QC*mr*mon)+(QL/QC) *(1/omega
"2):

sd1:=1/(QC*omega)+1/(omega*q”2*mon) :

sel:=1:

sfl:=-vdd:

sa2:=(QL/QC)*(1/(omega”4*q~2)):
sb2:=(QL/QC)*(1/omega”3)*(1/(q"2*moff))+1/(QC*omega”3*q"2):
sc2:=1/(QC*omega”"2*q " 2*moff)+1/(omega”2*q"2)+1/(omega”“2%q"2*QC*mr*mon)+(QL/QC)*(1/

omega 2):
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sd2:=1/(QC*omega)+1/(omega*q " 2*moff):
se2:=1:

sf2:=-vdd:

Sll:=fsolve(sal*_Z " 4+sbl1*_Z"3+scl*_Z"2+sd1*_Z+sel, _Z, complex):

cal:=S11[1]:
cb1:=S11[2]:
ccl:=S11[3]:
cd1:=S11[4]:

S22:=fsolve(sa2*_Z " 4+sb2*_Z"3+sc2*_Z"2+sd2*_Z+se2, _Z, complex):

ca2:=S22[1]:
cbh2:=S22[2]:
cc2:=S22[3]:
cd2:=S22[4]:

# Capacitor Cl voltage:
RVc[1](t):=Cal*exp(cal*t)+Cbhbl*exp(cbl*t)+Ccl*exp(ccl*t)+Cdl*exp(cdl*t)-1/sel*sfl:

RVc[2](t):=Ca2*exp(ca2*t)+Cbhb2*exp(cb2*t)+Cc2*exp(cc2*t)+Cd2*exp(cd2*t)-1/se2*sf2:

# Inductor L1 voltage:
RVL1[1](t):=(QL/QC)*(1/omega 2)*diff(RVc[1](t),t$2):
RVL1[2](t):=(QL/QC)*(1/omega 2)*diff(RVc[2](t),t$2):

# switch voltage:

RVs[1](t):=(QL/QC)*(1/omega”2) *diff (RVc[1](t),t$2)+1/(QC*omega)*diff(RVc[1](t),t)+RVc
[11Ct):

RVs[2](t):=(QL/QC) *(1/omega”2) *diff(RVc[2](t),t$2)+1/(QC*omega) *diff(RVc[2](t),t)+RVc

[21(Ct):

# Load resistor voltage:
RVr[1](t):=(1/(QC*omega))*diff(RVc[1](t),t):

RVr[2](t):=(1/(QC*omega)) *diff (RVc[2](t),t):

# Lnductor L voltage:

RVI[1](Ct):=(1/(QC*omega))*diff(RVc[1](t),t)+(mr*mon/omega)*diff(RVs[1](t),t)+mr*RVs
[17Ct):

RVI[2](t):=(1/(QC*omega)) *diff(RVc[2](t),t)+(mr*mon/omega)*diff(RVs[2](t),t)+(mon/moff

)*mr*RVs[2](t):

### using inductor current and capacitor voltage continuities at turn-on moment and t=
td, we can find the values of Cal,Cbl,Ccl,Cdl,Ca2,Cb2,Cc2,Cd2.

# Capacitor charge continuity
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eql:=(subs(t=td,RVc[1](t))-subs(t=td,RVc[2](t))):
eq2:=(subs(t=0,RVc[1](t))-subs(t=T,RVc[2](t))):
eq3:=(subs(t=td,RVs[1](t))-subs(t=td,RVs[2](t))):

eq4:=(subs(t=0,RVs[1](t))-subs(t=T,RVs[2](t))):

# Inductor flux continuity
eq5:=(subs(t=td,RVr[1](t))-subs(t=td,RVr[2](t))):
eq6:=(subs(t=0,RVr[1](t))-subs(t=T,RVr[2](t))):
eq7:=(subs(t=td,RV1[1](t))-subs(t=td,RV1[2](t))):
eq8:=(subs(t=0,RV1[1](t))-subs(t=T,RVI[2](t))):

sm4:=fsolve({eql,eq2,eq3,eq4,eq5,eq6,eq7,eq8},{Cal,Cbl,Ccl,Cdl,Ca2,Cb2,Cc2,Cd2}):

assign(sm4):

### express the current and voltage in numbers.

RVc[1](t):=Cal*exp(cal*t)+Cbl*exp(cbl*t)+Ccl*exp(ccl*t)+Cdl*exp(cdl®t)-1/sel*sfl:

RVc[2](t):=Ca2*exp(ca2*t)+Ch2*exp(cbhb2*t)+Cc2*exp(cc2*t)+Cd2*exp(cd2*t)-1/se2%sf2:

RVs[1](t):=(QL/QC)*(1/omega”"2)*diff(RVc[1](t),t$2)+1/(QC*omega)*diff(RVc[1](t),t)+RVc

[11Ct):

RVs[2](t):=(QL/QC)*(1/omega”"2)*diff(RVc[2](t),t$2)+1/(QC*omega)*diff(RVc[2](t),t)+RVc

[21Ct):

RVL1I[17(t):=(QL/QC)*(1/omega”2)*diff(RVc[1](t),t$2):
RVL1[2](t):=(QL/QC)*(1/omega”2) *diff(RVc[2](t),t$2):

RVr[1](t):=(1/(QC*omega))*diff(RVc[1](t),t):

RVr[2](t) :=(1/(QC*omega)) *diff (RVc[2](t),t):

Idc:=Re(int ((1/(QC*mr*mon)) *diff (RVc[1](t),t)+diff(RVs[1](t),t)+omega*RVs[1](t)/mon,t

=0..td)+int ((1/(QC*mr*mon)) *diff (RVc[2](t),t)+diff(RVs[2](t),t)+omega*RVs[2](t)/

moff,t=td..T))/T;

Nir[1](t):=Re(1/(mr*QC*mon)*diff(RVc[1](t),t))/Idc:
Nir[2](t):=Re(1/(mr*QC*mon)*diff(RVc[2](t),t))/Idc:
Nic[1](t):=Re(1*diff(RVs[1](t),t))/Idc:
Nic[2](t):=Re(1*diff(RVs[2](t),t))/Idc:
Nis[1](t):=Re(l*omega/mon*RVs[1](t))/Idc:

Nis[2](t):=Re(l1*omega/moff*RVs[2](t))/Idc:

### calculate the DC power, switch power, and output

Pdc:=Vdd*Idc;

power.
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Ps:=Re(evalf(int(omega*RVs[1](t) "2/mon,t=0..td)+int (omega*RVs[2](t) "2/moff,t=td..T)))/
T;

PL:=Re(evalf(1/(mr*QC"2*mon*omega)*(int (diff(RVc[1]1(t),t)"2,t=0..td)+int (diff(RVc[2](t
),t)"2,t=td..T))))/T;

Vr®:=(1/(2*Pi))*(int (RVr[1](t),t=0..td)+int (RVr[2](t),t=td..T)):

val:=(2/T)*(int (RVr[1](t)*cos(omega*t),t=0..td)+int (RVr[2](t)*cos(omega*t),t=td..T)):

vb1l:=(C2/T)*(int (RVr[1](t)*sin(omega*t),t=0..td)+int (RVr[2](t)*sin(omega*t),t=td..T)):

Vril(t):=val*cos(omega*t)+vbl*sin(omega*t):

va2:=(2/T)*(int (RVr[1](t)*cos(2*omega*t),t=0..td)+int (RVr[2] (t)*cos(2*omega*t),t=td..T
)):

vb2:=(C2/T)*(int (RVr[1](t)*sin(2*omega*t),t=0..td)+int (RVr[2] (t)*sin(2*omega*t),t=td..T
)

Vr2(t):=va2*cos(2*omega*t)+vb2*sin(2*omega*t):

va3:=(2/T)*(int (RVr[1](t)*cos(3*omega*t),t=0..td)+int (RVr[2](t)*cos(3*omega*t),t=td..T
)

vb3:=(2/T)*(int (RVr[1](t)*sin(3*omega*t),t=0..td)+int (RVr[2](t)*sin(3*omega*t),t=td..T
)

Vr3(t):=va3*cos(3*omega*t)+vb3*sin(3*omega*t):

Prl:=Re(evalf((omega/(mr*mon))*int(Vrl(t)"2,t=0..T)))/T:

Pr2:=Re(evalf((omega/(mr*mon))*int(Vr2(t)"2,t=0..T)))/T:

Pr3:=Re(evalf((omega/(mr*mon))*int (Vr3(t)"2,t=0..T)))/T:

### calculate the real drain efficiency.

eff:=Pr1/Pdc;

pvsl:=plot(Re(RVs[1](t)/Vdd),t=0..td,title="Switch Voltage",labels=["t’,’Vs(t)/VDD’],
thickness=3):
pvs2:=plot(Re(RVs[2](t)/Vdd),t=td..T,title="Switch Voltage",labels=["t’,’Vs(t)/VDD’],

thickness=3):

pisl:=plot(Re(Nis[1](t)),t=0..td,title="Switch current",labels=["t’,’Is(t)/IDC’],view
=[0..T,-10..10], thickness=3):
pis2:=plot(Re(Nis[2](t)),t=td..T,title="Switch current",labels=["t’,’Is(t)/IDC’],view

=[0..T,-10..10], thickness=3):

pirl:=plot(Re(Nir[1](t)),t=0..td,title="Resistor current",view=[0..T,-3..3],labels=["t

’,’Ir(t)/IDC’], thickness=3):
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pir2:=plot(Re(Nir[2](t)),t=td..T,title="Resistor current",view=[0..T,-3..3],1labels=["t

’,’Ir(t)/IDC’], thickness=3):

picl:=plot(Re(Nic[1](t)),t=0..td,title="Capacitor current",view=[0..T,-10..10],labels
=[’t’,’Ic(t)/IDC’],thickness=3):
pic2:=plot(Re(Nic[2](t)),t=td..T,title="Capacitor current",view=[0..T,-10..10],labels

=[’t’,’Ic(t)/IDC’],thickness=3):

VSPLOT:=display(pvsl,pvs2):
ISPLOT:=display(pisl,pis2):
IRPLOT:=display(pirl,pir2):
ICPLOT:=display(picl,pic2):

### plot the current and voltage waveforms
VSPLOT;
ISPLOT;
IRPLOT;

ICPLOT;
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