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Chapter 1: Introduction

1.1- Importance of Class-E Amplifiers

The Class-E amplifier was first introduced by Sokal et al.ifl1972. The Class-E
amplifier, as shown in Figure 1, was introduced as a narrow-band tunesmpBlifier

with a similar topology to that of a standard low noise amplifiétA), but with the

transistor acting as a switching element instead of as ageotiontrolled current source
device. Under ideal conditions (infinite loss-less inductors, tramsets as an ideal
switch, and zero fall time of the drain [or collector] currefiig, €Class-E amplifier can be
designed to have 100% efficiency [1], making it well suited for pat&H devices such

as cell phones and wireless laptop Ethernet connections.

VDD

¢ 0

Lc

io(6) Cs Ls

io(0) — w%
|

+ ‘Licp(e)
Veie)o—‘ l:

VDS(G) L Cp

Vvo(6)

Figure 1.1: The complete schematic for the Class-E power amplifier.



A Class-E amplifier can not be used for wide band amplificatitaking it well suited
for only a select group of applications requiring high frequency ndaod operation.
Currently, the most common use of a narrowband high frequency amitio amplify
a high frequency carrier signal that is modulated within a né&aoa around the carrier
signal with a data signal. This type of signal is commonly foundEEE wireless
standards for data transmission such as 802.11N and WiMAX (802.16), &ndrcel
broadcast. These applications, however, in recent years have hagparergially
growing commercial market with the wide adoption of cellularepkbne
communications and wireless networking. As portable applicationghgentb become
more complex, battery size and lifetime have been a growing rroné®r this reason,
finding a highly efficient (amount of data throughput per unit of gesgtput stage for
the transmitter is becoming an increasingly important issuieice She frequency of
operation and data throughput are typically determined by the &mplithe power

efficiency will be reported in table 1.1 as the efficiency metric for coisma

Table 1.1: Comparison of different classes of power amplifiers with respeEt to R
integrated circuit performance.

Amplifier Maximum Efficiency |Layout Area |Distortion
Class-A 50% small low
Class-B 78.50% small high

Class-AB <78.5% small moderate
Class-C Approaching 100% moderate | moderate
Class-D Not Suited for Narrowband RF
Class-E Approaching 100% moderate low

Class-F (2 Harmonics) ~70% moderate low
Class-F (« Harmonics)| Approaching 100% infinite low




It can be argued that the most important issues considered wtidingeon an output
stage would be obtainable efficiency, required layout areatrendmount of distortion
that would be present at the output. Table 1.1 shows a comparison of the different classes
of power amplifiers and their performances with regard to RAmamcations. As can
be observed from Table 1.1, a Class-E amplifier is well suitedh&mrowband RF
systems. It is important to note that the efficiencies predesibove are only valid for
ideal components under ideal conditions, and will vary greatly witigulesReported
efficiencies at different frequencies for Class-E ampbfere presented in Figure 1.2 as a
reference. As can be seen from Figure 1.2, real amplifiexgparating far enough from
100 percent efficiency so as to require an optimized design prawdsaccounts for non-
ideal components and non-ideal conditions (such as imperfect gategdroltage) needs
to be implemented. Many of the non-idealities have been accounteddiaidually
previously, but a complete analysis for a Class-E amplitisr ot yet been presented,

and will be the focus of this thesis.

Py : : oq !

0 1%3]‘ """ [E"; """"""" Tt &1"'; """""""

80+ ======@g==="===-+ S . ------ A e

Eh g ; ' 8] g @2 _Gu go

(I T T T T e A - = - == - ==

) S [3 ..... e eeeeeaaaan e [7.HA; . . .
kS ' ' (18]

e IR e SRR -

S """"""" PTTTttme %' S

30 F = = = = ®BJT 2 [mmmmmmmmms=e==-- L R R

I WMOSFET _: ______________ :_ ______________ .
AGaAs MESFET : ' :

104 = = = = = = = = == === : -------------- :- ------------- J: --------------

0 + } =+ ++ :; -+

1 10 100 1000 10000

Frequency (MHz)

Figure 1.2: Literature reported efficiencies at different frequeraidgransistor types for
Class-E amplifiers.



1.2 — Original Design by Sokal

Sokal et al. [1] performed the original design of the Class-E amplifiquasng ideal
passive components and an ideal switching transistor. These approrsriatid to the
following conditions in the amplifier:

1) Choke inductor current. will be a DC signal,

2) The output currenp will be a perfect sinusoidal waveform, and

3) The transistor will turn instantly ON and OFF with zero ONig&ance and

infinite OFF resistance.

Under these conditions, if the drain voltage and the drain curreneaee both non-zero
at the same time, then no power will be consumed by the transstrwith ideal
passives, the amplifier will operate at 100% efficiency. Inofoethis to occur, Sokal
et al. stated that the drain voltage and its derivative (the paclghcitor currentc,
times a scalar as shown in equation 1.3) should both be zero at et ithstt the
transistor turns ON. The voltage must be zero at the time dhsigtor turns on to
prevent power loss, and the derivative should be zero to allow fat shigtuning of the
amplifier [1]. These two conditions have remained as the standardabpimtching
conditions for analytical models being developed even today, and will besded in
greater detail in Chapter 2. From the above assumptions, the chokat amd the

output current can be defined as

iLc =1 DC
: 1.1
i :%sin(a)t +¢) L4



where a is the amplitude of the output voltage, R is the output loathres ang is the

phase shift between the output voltage and the input signal at nisestoa gate. Using

KCL at the drain of the transistor yields the equation
iLc:iCp+iD +i0' [12]
Since the transistor and the parallel capadiprare in parallel, when the transistor is

ON, no current flows throug,. However, when the transistor is OFF, zero can be

substituted into eq. 1.2 foy with the results of eq. 1.1 yielding

cp=0 [ON]

. 1.3
iCp = DC —%Siﬂ(a)t + ¢) [OFF] [ ]

Substituting the results of eq. 1.1 into eq. 1.2 along with the resulicgh@tin the ON

state yields the drain equations of

ip=lpc —%sin(a)t +¢) [ON]

. [1.4]
i =0 [OFF]

Knowing that a current flowing into a capacitor produces a voltage&aowing that the
parallel capacitor voltage is the same as the drain voltatgs yiee following equation

for the drain voltageps

1t 1 t a .
Vhe = — dt=— | — —SInlwt dt
DS = 5p I Cpt:o{ Rl (e +¢)} .
. .

VDS = Cp I DCt + ECOE(&)’[ + ¢)— ECOi¢)ﬁ|



The waveforms for these equations can be seen in Figure 1.3. deoe H.3, it was

assumed arbitrarily that the transistor is ONdaret < 7, and OFF forz < wt < 27
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Figure 1.3: Class-E waveforms with ideal components and under abimitching

conditions as described by Sokdlal.

1.3 — Recent Advances in Class-E Design

The simplest modification to make to the ideal Class-E anaiysis account for the
decay in the transistor at the transition from the ON statieet®@FF state. As shown in
Figure 1.3, ideally this transition is instantaneous, but in the noh-cdsa there is a
decay associated with this transition. Kazimierczuk [3] rhasleled this as a linearly
sloped decreasing line during the OFF state, whileetTal. [15] have more accurately

modeled it as an exponential decay in this region which is the abptioat will be used



in chapter 3. Neither of these papers however completely acémurt non-ideal
transistor in the fact that they both assume zero ON resgstaimhe issue of the ON
resistance has been addressed by @hall. [16], Wanget al. [17], Sekiyaet al. [18],
Kessleret al.[19], Reynaertet al.[20], and Alinikulaet al.[21], although none of these
authors have accounted for the transistor decay time. Kes$sl€f19], Alinikula et al.
[21], and Reynae#t al. [20] however, have accounted for the parasitic resistances of the
passive components, while Reynaaral. [20] have also accounted for the finite Q of the
output along with Twet al. [15] and Sekiyeet al. [18]. With finite output Q, the load
network will not operate as an ideal filter, and additional harmob&sides the
fundamental frequency will be present at the output as seenureFigd. Wanget al.
[17], Sekiyaet al.[18] and Reynaert et al. [20] have also accounted for the fitigerig
value of the choke inductdrc. This has the effect of allowing ripple to be introduced
onto thei . waveform as seen in Figure 1.4. A table summarizing the bonhtms of

these authors is presented in Table 1.2.

Table 1.2: Summary of recent advances in the design and modeling of Class-E
amplifiers.

Inductor

Ref # Author Date R-ON [Q Choke| QLoad | Decay [Resistance

[3] Kazimierczuk et al. 1983 X

[15] [Tuetal. 1999 X X

[16] |Choai et al. 1999 X

[17] [Wang et al. 2002 X X

[18] |[Sekiya et al. 2001 X X X

[19] |[Kessler et al. 2001 X X
[20] [Reynaert et al. 2003 X X X X
[21] |Alinikula et al. 2003 X X
[22] |Klehn et al. 2004 X X X X X
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Figure 1.4: Class-E waveforms with non-ideal components and under optimal switching

conditions as described by Sokalal.[1].

1.4 — Motivation for this work

These authors have shown that each of these non-idealities hag&noaffboth the
circuit performances such as efficiency and distortion, and tloeireel circuit
components needed to meet the optimized switching conditions as defiGedddgt al.
[1]. However, up till now, a concise analysis to account foofalhese non-idealities at
the same time has not been presented. The goal of this thesis is to preseysanthagl
while accounting for all these non-idealities, also plots the non-idexeforms,

calculates the required passive components for optimized switchingtionagdiand



measures the circuit performances through the use of a MATLABIaion. The
analysis, presented in Chapter 2, will account for:
1) Exponential decay angle of the transistor OFF transition dependaht ayate
input voltage.
2) A variable ON resistance of the transistor dependant on thentasémus bias
conditions of the transistor (gate and drain voltage).
3) Parasitic resistance of the two circuit inductors.
4) Finite loaded Q for the tuned output network resulting in harmonics Ipaisged
to the output waveform.
5) Finite value of the choke inductbg resulting in harmonics being present on the
choke currentc.
Results of varying important design parameters such as tmansispect ratio and
inductor sizes and the effects of such variations on circuit penfm@saand optimized

component values is presented in Chapter 3.

1.5 — Thesis Organization

The organization of this thesis will be as follows:

Chapter Il will discuss two methods for calculating the cirpaitameters and waveforms
of the class E amplifier. The first method will be an inkkgnethod that will account for
finite choke inductances, drain current fall time, and loaded qualitpr of the output
network inductance. The second method discussed will use a finiteeddgesolution

and account for the same non-idealities of the first method, ellsasw a finite ON



resistance of the switch, rise and fall time of the input sjgmal parasitic resistances of
both circuit inductors. Chapter Ill will discuss in greater iekee effects of the non-
ideal components accounted for in chapter Il as well as thetgnower supply voltage
will have on desired circuit parameters such as efficienaypud power, and total
harmonic distortion (THD). Chapter IV will demonstrate the acout the equations
presented in chapter Il by comparing the results of those egsas calculated using
MATLAB® vs a commercial circuit simulator (SPECTRE®). Antwal class E
amplifier is then constructed using discrete components and the outjwg ofrcuit is
compared to the equations of chapter Il as calculated using MATLABKapter V has
conclusions from the presented work as well as discussion on possibke fegsearch

based on this thesis.

10



Chapter 2: Analysis

Two methods have been successfully implemented to simulate theEclamplifier
waveforms, optimize the required circuit components, and calculatplifiam
performances such as efficiency and total harmonic distortion (THD). irfhegdtimizes
the circuit parameters while considering finite choke induesndrain current fall time,
and loaded quality factor of the output network inductance. The second acfooyuslt
these in addition to a finite ON resistance of the switch, amse fall time of the input
signal, and parasitic resistances of both circuit inductors. Tsenfiethod has been
published in the International Symposium on Circuits and SystemsA85Q004
conference [22], while the second method is more accurate and aciwoumisre non-

idealities presenting a more general solution.

The first method (integral method) utilizes an iterative techniguere each waveform is
defined symbolically and solved using the integral function in MATLABhe output
currentip and the choke current; are initially assumed, as well as the size of the two
inductors, and the capacitor curreptand the drain voltageps are calculated. From
these waveforms, a new output current and choke current are obtamed are
considered as inputs to next iteration. During each iteration, the two cap&eieordCs

are calculated so that the switching conditions as describedkal & al. [1] are met.
These conditions include the drain voltage and the capacitor current batrarat the
time when the transistor first turns on. This method assumes a constantispahcesfor

the switching transistor and an exponential decay on the draimcwinen the transistor

11



turns off (the ideal case assumes an infinitely sloped instantartarn off [see Figure
1.3]). This methodology also accounts for the effects of the finite dndketance and

its effect on the amount of ripple on the “DC” supply current, anal atsounts for the
finite Q of the load network (See Figure 1.4 to observe the effects of these non-g)ealitie
The load network acts as both a phase shifting element by tursfightly below the
operating frequency so it appears slightly inductive, and aladbasd-pass filter passing
the first harmonic, but blocking all others in the ideal case.taBing this as a non-
infinite inductor, additional harmonics at the output are accounted ¢ EID can be

accurately calculated.

The second method (finite difference method) expresses the adgudtions using
differential equations and solves them simultaneously using fiiffierence technique.
If the waveform starts at the point where the transistor @Qhhsthen the initial points on
the waveforms are known from the aforementioned optimal switclmgditions
described by Sokadt al.[1] as seen in Figure 2.1. From the initial points, the subsequent
points can be calculated. This method converges much faster thiametral method
while accounting for more non-idealities. The transistor is nodeated more accurately
by first defining the gate voltage similar to that of a ¢@biClass-F driving stage (most
generic waveforms will also be accepted by the program),hemddalculating the region
of operation and drain current of the transistor at each tepebssed on the gate voltage
at that time. In this way, the decay of the drain curretfteatnstant when the transistor

turns OFF is modeled based on the input signal and the transistorepens given as

12



inputs to the program including channel carrier mobility), oxide capacitance per unit
area Cox), and threshold voltag&/{). This enables the program to accurately account for
the non-zero ON resistance of the transistor at all tiegsdtased on the bias conditions.
The finite inductances are still accounted for, with the additionresiatance term added
in series with the inductors to model low Q conditions similahtsé found through the

use of silicon fabrication [20].

2 S
Q £
T 8
o Threshold a
Voltage
-« /
rad?éns T/Q‘ radfrans ™2
(a) (b)
Vps, iDs andiCp
all equal zero at | _
transistor turno | &
- \ 3
& 5
5 S A\ )
2 20 n 2
@ O
a °
©
5
o
radFans ™2 radians
(c) (d)

Figure 2.1 — a) Gate voltage, b) drain voltage, c) drain curredtdpparallel capacitor
current. Setting t=0 at transistor turn on gives knowledge oélimtinditions for these
waveforms based on design for optimal switching conditions.
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2.1 — Method 1: Integration Method

As mentioned previously, the first iteration of the integration method Stadssuming a
symbolic waveform for the output curremg)(and the choke current ) from which the

drain voltage \ps), parallel capacitor currenicf), drain currentif), and new solutions
for ip andi. are calculated. The initial waveform for the output currentheilassumed

to be
-
io =Esm(wt +¢) (2.1)

wherea is the amplitude of the output voltage,is the output resistance, agds the
initial phase shift of the fundamental frequency at the output. clibke inductor current
(iLe) will be assumed to have no harmonics for the first iteratioh will be defined

simply aslpc; to represent the DC level of the first iteration.

Using KCL at the drain node of the transistor, we find that

iLc =ip +icp+io- (2.2)
When the transistor is OFB € ot < ), it is assumed that no current is passing through
it, therefore, solving foicpyields,

icp=iLc—lo Osat<z. (2.3)
When the transistor is ONz(< ot < 27 ), assuming the ON resistance on the transistor is
small in comparison to the impedance of the capacitor, the aapisosissentially shorted
out, leaving no current through it allowing the drain current to be defined in this region a

14



2.1.1 — Accounting for OFF Transition Drain Current Decay

In order to account for the exponential decay in the drain current when thettanhsns
OFF, an additional term must be added to the drain current, andsavmhic, must still
add up ta o which are already definet;, must also be modified accordingly giving

the final equations

ip=lg €™ O<at<z [OFF]

and, 2.5
Iy =i, r<at <27 [ON] (2:3)
iCp:iLc_iO_I Coe“"” O<at<r [OFF] and (2.6)
i, =0 <ot <2r [ON] ’ .

wherelco is the magnitude ag, at ot =0, (also the value ab at «t = 27 ) in the absence

of an exponential. If the transistor were a perfect switeh, drain current would
instantaneously go frort to 0 at the time that the transistor transitions from the ON
state to the OFF state. In addition, the parallel capacitoerduwvould instantaneously
go from 0 tolcp as the capacitor becomes the new path for the current. In genpeeof

a non-ideal switch, the exponential decay of the transistor chaammeht makes the ON

to OFF state transition of both terms more gradual. The magrufittie exponential is

then defined as

lco =iLc —%Sin((ﬂ) _ @2.7)

It is important also to note thatis a variable used to adjust the angle of the decay of the
exponential. The decay angle is defined as the phase wherpbeential decays three
time constants from its original value. Knowing the decayeaofjlthe transistor will

allow an easy calculation affor implementation in the model by using

15



T (2.8)

wherey is the decay angle of the transistor. For reference, a 3@eddgcay angle is
represented whenis set to 5.9 and a 60 degree decay angle is representedseitto

2.95.

2.1.2 — Drain Voltage Accounting for Decay and ON Resistance

Knowing the current through the capacitor as a function of time alfonvcalculation of
the voltage introduced across it during the period that the transSBFF Q< ot < 7),
which is also the voltage across the drain of the transistor. Wieetmransistor is ON
(r <at<27), it is assumed that the capacitor current is zero, so the orthgecht the
drain will be produced by the curreng through the ON resistance of the transistor.

These waveforms are represented for the period defined as< ~ in the equations

1 t
VDS :C_pIICp.dt
0

(2.9)
1 a 1 otr @ I
VDS :C—p[l DCl't —%COS((()t +¢)—;' ICO -e t +E CO$¢)+%:|
and are represented for the period defined asit < 2z as
Vps =ip - Ron
a .
VDs {' Dc1—ES'n(wt+¢)] Ron (2.10)

Note that the equation 2.9 has additional terms when compared to equatiafted.5
accounting for non-ideal components. It is also important to notéhassumption of

negligible capacitor curremg, is only valid for small values of ON resistariRgn. This
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is a limitation of the integral method, and will be properly accaumbe in the finite

difference methodology.

2.1.3 — Applying Optimal Switching Conditions

The unknowns at this point in the analysis @ a, ¢, andlpci. Initial values were
assigned in the program for each of these parameters. Usisgy initial values and the
equations previously defined, accurate calculatioB,08, and¢ can be performed. It is
known through the optimal switching conditions thig¢ andic, should both be zero at
ot=7z The value oy will be set to makeps equal to zero using the approximate initial
values for the other parameters. From equation (2.2), and knowing:dfeatdip are
both zero att=7 we can now say that.=io, and withg known,a is the only unknown
in that equation. It is also known that with no power consumed in thetamdtice
average voltage abs should be the same as the power supply volage The value of
C, will affect the scaling ofips and can thus be used to make this final condition valid.
Note that these values are based on the initial valug®@f and will need to be

recalculated when a new valuelg§; is determined later on.

2.1.4 — Accounting for FiniteQ of the Tuned Load Network

Using vps from above, we can now calculate the new output with harmonics. isThis
done by tuning the output network just below the operating frequencgoonglish two
goals, the first of which is to filter all but the fundamentaqfrency from the/ps

waveform, and the second is to cause a phase shift by tuning the metipatk slightly
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below the operating frequency (setting it slightly inductivéhatoperating frequency) so
that the output has a phasegof For the analysis, the series network induttois fixed
by the designer. This is because the filtering abilitthefnetwork will be improved by
larger inductors (see section 3.3), but larger inductors take up muchamsa@reon a
silicon process. This way, the designer can determine the maxsimeninductor
allowable within the design constraints. The value of the serigsitocépacitoiCs can

than be set to achieve the appropriate phase shift from the equation

-1
ZVpg + tanl{a)LS — (é)CS) J =g (2.12)

where 2vpg is the angle of the fundamental frequency detegthihy a Fast Fourier

Transform (FFT) ofibs The ' harmonic of the output can then be calculatedgsie

values obtained fdrs andCs by

i,=3b, -sin(na)t+ Lo tan{ nols —(mCy). B , (2.12)

n=1

1
where by, =|FFT,(vps)- {\/RZ + (na)LS - (na)CS)_l)z} :

and FFT.(vpg)| denotes the magnitude of tH& point in the FFT ofps. This calculation
of ip can be used to obtain the correct value ofDfielevel ofi .. Sincea was already

established previously, the magnitude of the fiatmonic in this end resulbs) should

equal the magnitude oi— If it is not, thenlpcy will be adjusted accordingly, and the
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values ofC,, a, and ¢ will be recalculated, along with a recalculatiohig, until this

condition is satisfied.

2.1.5 — Accounting for FiniteQ of Choke Inductor L¢
The last calculation left in the first iterationts account for the ripple introduced by the
finite choke inductotLc. By knowing that the inductor is connectedvisy on one side

andvps on the other, the current through it can be defee

L

|_C VDD _VDS)' dt+ 1| DC?2 (213)

0

iLc:

I —

t

wherelpc, is the DC level for the second iteration.

2.1.6 — Applying Results of First Iteration to the Second

The first iteration began with an assumption foe thutput currenic and the choke
currenti . and ends with a new definition of these two wakefbased on the optimized
switching conditions and the given circuit parameig, Lc, Ls, @, Ron, andR). These
two waveforms will be passed as the initial comdlisi to the next iteration, which will
proceed similar to the first with a few modificat®o The waveform foi. will be held
steady except for thic, term (i.e., changes ig or a in the second iteration will not

affect the first term of eq. 2.13). Secondly, atljpents to the magnitude of the output

a . . . . . . .
currentE in the second iteration will also scale to the hamios sincag is now defined

as a summation of harmonics instead of a perfadssid. The output phagehowever,
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will only affect the fundamental frequency. Thandbe justified since the phase shift at
the output is controlled by the excess inductaren st the 'h harmonic frequency and

is defined by

nolg _anlcsj . (2.14)

Whenn is equal to one, the magnitudesmaflLs and the inverse afiewCs are roughly
similar (the inductive portion is slightly greater), but whens greater than 1, the
inductive portion becomes quite large while the capacitive poogmomes significantly
less. This way, a small change in the calculated aggiegill result in a small
modification of the calculated value 6§, which will affect the first harmonic, but have
little impact on the subsequent harmonics since at highereineggs the inductive term
dominates the reactance of the load network. Figureepi2sents the phase shift for
different harmonics associated with typical tuned output peters and the effects of
varying the output capacitor by +/- 10%, as would happe&he second and subsequent
iterations. It is shown that the fundamental frequency is dhéte desired, and the
remainder of the harmonics are virtually unaffected bywargation in capacitance. For
this reason, th& calculated in the first harmonic will ha@eand ¢ remain as variables
for the first harmonic, the magnitude of the additional harosowill scale linearly with
changes ira, but the phase of the additional harmonics will not be chahgedchange
in ¢in the next iteration. This way, the second (and sulesgjjuerations still have,,

a, ¢, andlpcy, as variables, but variations in these variables to meet theabtivitching
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conditions and establish convergence on the magnitude ajutipeit current will not

adversely alter the two waveforms that are given as the agmditions to each iteration.

1.6 T T T
| | |
| | |
| | |
15 f------mm - T R ——
| |
| | |
—_ | |
2 1.4 | |
8 ! !
o] | |
© | |
R | |
E13+--- et --
5 Calculated Cs value
()
@
£ 12y o = =—Calculated Cs value + 10% |- -
11 = = = Calculated Cs value - 10%
. N — T -
’ | | |
ly | | |
| | |
1 1 1 1
1 2 4 5

n™ Harmonic

Figure 2.2 - Phase shift associated with the tuned netwdrkoad resistor at the first 5
harmonics. Here,d= 30nH and €= 17.8pF for an output phagef —0.44 radians at a
frequency of 240MHz.

Following this format, the code was written to run for thitegations. It was observed
that the waveforms after the third iteration were nearly iddrticehose of the second,
and the calculated parameters also had little variation makieeg iterations adequate for
most situations. In addition to this, the size of the equagioms exponentially as the
iterations progressed due to the symbolic completion of twaradte per iteration

causing an exponential increase in the amount of time needesnplete each iteration.

For this reason, a fourth iteration would not have beertipahto implement, causing a
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slight error in the accuracy of the program. This erras wegligible except when very
small inductors were given as inputs to the program. Thistign issue using the finite
difference method.

Other limitations of the integral method should also be notdw tfansistor is assumed
to turn immediately ON and immediately OFF, with the exceptibthe exponential
decay in the current when turning OFF. The resistanaieoftransistor for theps
calculation is assumed to go immediately from a con&aqavalue to an immediate OFF
state without any transition time between the two states. Itiagddhe resistance of the
inductors due to the low quality factd@) on silicon processes has not been accounted
for. Despite these shortcomings, the integral method whbhisped represented the

most concise calculation that the authors had found to daaeGtass-E amplifier.

2.2 - Method 2: Finite Difference Method

The finite difference method has many variations and ingmants over the integral
method. The most important being that the methodology aceeptsgate voltage
waveform as an input to the program (again MATLAB wasd), and using this along
with the drain voltage, calculates the resistance of the transisged on the bias
conditions. The drain current is also defined based onbid® conditions, so the
exponential decay is no longer added as a mathematical bertris dependant on
transistor parameters given as inputs to the program. rbigeam also accounts for the
intrinsic parasitic resistance of the inductors, thus allowing nigtimproved accuracy,

but also presenting a trade off to the designer if a coin€as assumed for a process
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technology. Larger inductors using the integral method avpagvided better results,
but with the finite difference method accounting for the raststalarger inductors also
mean more loss in the system.
2.2.1 — Defining a Gate Voltage
The finite difference methodology begins with a definition ofdghte voltage. The only
stipulations on this are that the waveform must be a functidimef (time defined from
zero till the end of one period) and the waveform mustesegic. It is assumed for
most of the simulations that the Class-E amplifier would be wlriwe a Class-F stage
prior to it. Typically, the output of a Class-F stage consitsvo harmonics (first and
third). Although more elaborate tuning networks can begdesd they typically are not
used due to the increased complexity and area with veryititttease in performance
[2]. The equations representing a typical Class-F wawetath flattening [2] is

Vgs = kalsin(t + )+ ¥ sin(3- (at + )|+ ko (2.15)
wherek; is the amplitude of the wave akglis the DC offset. These values are typically
set so that the waveform reaches zero volts at its lowest poohis just undevpp at its
highest. The value ot will be set by the program to start the waveform at the
appropriate position of the waveform. Since the finite diffiee method requires initial
conditions,d will be set so that the waveform begins at a point whereitomms of other
waveforms in the circuit are known as seen in Figure 2.1.
As mentioned previously, optimal switching is defined by theditmn that the drain
voltagevps and the parallel capacitor curregg are both zero when the transistor is just

turning ON. In order to use botlys = 0 andic, = O as the initial conditions, thess
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waveform must be set so that it begins increasing from theshbid voltage of the

transistor (the point where current just starts to flow)=a as seen in Figure 2.1.

2.2.2 Defining Current Equations from KVL Loop
This technique will still employ an iterative solution to convergetlom appropriate

values. Again, the initial assumption of the output current willéfined as
: a .
io :Esm(wt +¢) (2.16)

where all variables are defined the same as they wehe imtegral method. As before,
a and ¢ are both variables and will be determined by the prograhile vihe load
resistancdr, and radian frequenay are user defined. Initial guesses are giverafand

¢ in the beginning of the program, and the first point initheurve is set equal to the
first point in theio curve sincec, andip are both zero at this time as described in the
integral method. The second point in the choke cuirentain then be found using mesh

analysis around the loop shown in Figure 2.3.

Figure 2.3 - Loop used with kirchoff’s voltage law in equadi@.17a-e.



VDS +VRLc T Vic = VDD (217&)
Substituting current expressions into equation 2.16a yields

. di
VDS+ILC'RLC+LC -ﬁZVDD. (217b)

Applying finite difference to the derivative term and quantishgwaveforms gives

e (1D 1 (1) R L e 0D @170

Separating the difference term and rearranging the equasalts in

() (-1 I
L v L e =Vpp — Vps(N-1)—i((n-1)- R.. (2.17d)

And finally, solving for the 1 time step from the previous time step vields
. . At .
i.(n)=i.(n _1)+E[VDD ~Vos(N-1)—i(n-1- R,], (2.17€)

wheret is the time step between points aRd is the resistance associated with the
choke inductot.c. To obtain the value of; at the second time step of this equation, we
need to know the first point imps andi,.. Due to the waveform starting with the

transistor just turning on &t 0, it is known thatps(1) = 0 and (1) is equal tao(1).

2.2.3 Defining Remaining Waveforms from KCL
A similar calculation can be performed to find the drain \gatays, except instead of
using Kirchoff's voltage law to perform mesh analysis, Kaif's current law will be

used to perform nodal analysis around naafea’ seen in Figure 2.4.
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Node “a’\ o 'L.

Figure 2.4 - Representation of all currents entering andniganode &” in the circuit.
Equating the arriving currents to the departing currents willdssl in equations 2.18a-e
to determine the drain voltagegs.

Equating the currents entering no@é and those leaving yields

iLC =iCp+iD -I-io. (2.18a)

Substituting a voltage expression fgy gives the equation

dVD

iLc =Cp —22+ip +io. (2.18b)

Applying finite difference to the derivative term and quantisirgwaveforms gives

. (n-1)=c,Yes(" ‘AVtDs( ") i (n=2)+i, (n-1). (2.18¢)

Separating the difference term and rearranging the equasalts in

_vDs(n)_ .vDs(n—l)__ I
C, o C, e =ip(n-1)+is(n-2)—i(n-1). (2.18d)

And finally, solving for the 1 time step from the previous time step vields

Vps () = Vs ( n—1)+§-[ ip( 1)+ i( =D —i(n-1], (2.18e)

p
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wheret is defined as the same time step as in 2.17. It is impadadte that an exact
equation for 2.17 and 2.18 would have taken theerm of each waveform except for the
differential term, which should be split as (n+1/2) and/@)-1 For ease of calculation,
and since only discrete time steps are taken, the abolysiangas used and is valid as
long as a large number of points are used. If the abguations are solved in the above
order, then all required points are available for all time stepspt for the drain current
ip, where only the initial condition is know. This waveform tmmwv be defined at each

time step using data already calculated.

2.2.4 — Defining ON Current from Transistor Biasing

Knowing the drain to source voltages and the gate to source voltagg, along with the
transistor parameters given as inputs to the program, thedndgions for the transistor
are known and the current can be calculated. Whefalls below the threshold voltage
of the transistoWy, the transistor is assumed to be operating in the cuegitbm and no
current is assumed. Whens surpassed/r and vps is “small” (defined later), the
transistor is assumed to be operating in the linear regiontiveitturrent defined as

A

% - teff - Cox - % ' {2 ’ [VGS(n)_Vt J -vps(n)- VDSZ(n)]
iD(n) = v

, (2.19)

where et is the electron mobility in the channel, and is given by
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Meff = £ (2.20)

1+ 9-(VGS(n)—\ZJ

where@ is defined asg%x [23]. Heretox is the oxide thickness of the transistor agnd

is given as a typical range of values, and is empiricaiwdd to match the Cadence |-V
curves. Co in equation 2.18 is the oxide capacitance per unit &vdg,the gate width

and L is the gate length of the transistor, @&dis the critical electric field used to
account for short channel effects present in small gaggheéransistors [23]. The critical

electric field is approximated as
E. =17x10%(/) (2.21)

for Si devices [24]. Tsividis however, points out that thasameter is not very easily
modeled, and typically requires fitting from experimental datividis does not even
present an equation, simply a range of values that sheutddsonable) [pp 280-282].

N
V, is used in equation 2.18 as a modification to the standesdhtbid voltage. It is

known that through Drain Induced Barrier Lowering (DIBthat the threshold voltage

starts falling below its zero body effect threshold volt&ge value in short channel

A\
devices and decreases linearly wigh [23]. For this casey; will be modeled as

\}t =V, —a-Vps(N) (2.22)

with « andV; determined empirically from extracted IV curves.
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The transistor is assumed to remain in the linear regionwggtiurpasses the saturation

drain to source voltagérs , with Vps' defined as

z-[sz<n>—v§j

Vps'= . (2.23)

1+ \/1+ [v(;s(n)—Vt J : L.ZE

Whenvps is greater thaVps', the transistor is assumed to be in the saturation region,

where the current is assumed to be

N

1 |2
Heff - Cox 'Vf!(VGS(n)—VtJ‘VDS -05-Vps }

ip(n)=

{1+M] (2.24)

14 VDS' VA +VDSl

L-E¢
whereV, is the Early voltage of the transistor. The first part afaign 2.24 accounts
for the critical electric field and velocity saturation in shdrarmnel MOSFETs while the
second part of the equation is used to account for chemyh modulation effects [23].
As seen in Figure 2.5, the transistor characteristics nmouate closely matched the

Cadence simulation when short channel effects were accoionte
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Figure 2.5 — a) Comparison of MATLAB and Cadencedwes for a device with a
WI/L ratio of 1500/0.6um. b) Comparison of I-V curves with and without accountorg
short channel effects for the same 1500{0r6transistor. Contact resistance was
accounted for in the long channel case.

2.2.5 — Applying Optimal Switching Conditions

At this point in the calculation, all of the waveforms ardaraef, but the variableS,, ¢,
anda are still unknown. For this methodolody, and ¢ will be adjusted to seips and

icp equal to zero at transistor turn ON, andgill be readjusted based on a comparison of
its assumed value and its calculated value from the FaseFduansform (FFT) ofips.
The calculation forp will be the same as it was in the integral method shown irtiequa
2.12. One modification was made to thecalculation from the integral method in order

to account for the resistand® ) of inductorLs. The new equation accounting for this is

n=1

i,=3b, -sin[nwu LVt tan{”‘"LS —(Cy) D , (2.25)

where b, :‘FFTH(VDS)‘-{\/( Re R +( w ls~( m c;)’l)2 T.
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It was observed that an increaseCip had the effect of increasing the value of the final
point in thevps curve while decreasing the value of the final poiritpgn An increase in
the value ofg had the effect of decreasing the end point of both surv loop was
established so that the waveforms would be calculated withintti@l guesses, the
variables would be adjusted, and the waveforms recalculated.will continue until the
last point ofvps has a magnitude less than 0.0&3, is less than 0.0002, and the
difference between going into the loop and coming out is less than 0.001. Once this
convergence is set, the output current with five harmonical@ilated and is passed to
the next iteration in the loop. The same criteria was set g integral method; the
adjustment of the phasggewill only adjust the phase of the first harmonic, while change
in the magnitude o& will scale across all harmonics. This method reaches &olu
much faster than the integral method, and 10 or more itesatembe run without taking
too much CPU time. As can be seen in Figure 2.6, thi@o typically converges on a

solution after a few iterations.
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Figure 2.6 — Plot of eight iterations of the drain voltags.wAs the case with the integral
method, the solution has excellent convergence after thragates.

2.2.6 — Quantifying Amplifier Performances

At this point, the only thing left to be calculated is the releggecifications of the
designed amplifier. The output parameters to be consideeetiHD, efficiency, and
input and output power, as well as the power consumed aiifteeent parts of the
circuit. Since the amplitude of the output curraig known, the output power can be

calculated as

2
P - (I RI\IQS) _ (%/Rﬁ)z | (2.26)

Knowing the power supply voltage and the waveform fopiwer supply current,(),

the input power can be defined as the average currert tireevoltage,

32



N i .
R, = Zlm (2.27)
n=

The difference between,Rand B, represents the power lost in the system, which is a

combination of the power lost in the transistor,

(2.28)

the power consumed in the inductors,

Ni.R
PRL — Z Lc Lc
“ n1 N
NP R (2.29)
| .
PR _ Z O Ls
Ls n=1 N
and the power lost in the unwanted harmonics at the output,
N (i5)?-R
O
Pharm = Z - Pout . (2.30)
n=1

From this, the THD can be calculated as the ratio of thepoansumed in the

harmonics to the power at the output.
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[72)

Figure 2.7 — Flow chart for finite difference program.
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Chapter 3: Results and Discussion

As can be seen from Chapter 2, the modeling of the Elasaplifier through the use of
MATLAB takes into account a large number of variables antputs all voltage and
current waveforms, design specifications, and optimizeditiparameters. Due to the
large number of inputs and outputs of the program, thdtsegresented will take into
account the most relevant variables from a design standpashicfor sizes, load
resistanceW/L ratio of the transistor, and power supply voltage) and \illitnited to
the most pertinent output specifications (output power, efficieacg Total Harmonic
Distortion [THD]) as well as the optimized circuit componen® @nd Cs). For
example, the output voltage amplitualean be obtained from output power for a given
load resistance, and since plots of output power are peelsenthis chapter will not

be. Similarly, the offset phase of the outpus$ not as useful of a figure as the capacitor
value Cs) required to produce this phase (only the most pertirgetifscation will be
presented when much correlation exists between two variablés) all simulations
presented in this chapter, the default parameters will bgetlod Table 3.1 unless
otherwise stated.

Table 3.1 — List of default parameters used in resultepted in Chapter 3.

Parameter Symbol Value
Choke Inductor Lc 5nH
Series Inductor Ls 5nH
Q of Inductors Q 15
Load Resistor R 500
Transistor Width w 1500um
Transistor Length L 0.6um
Power Supply Vb 3.3V
Frequency ® 21X 2.4GHz
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3.1 — Effects of Load Resistance and Transistor Aspect Ratio Variation

Working on a fixed supply system, the biggest influencettieadesigner has on the
output power would be the load resistance. Consideritgitbaverage of the voltage
observed at the drain needs to equal the power supplgedianus voltage drop from
the Choke inductor resistance), thg waveform will not have much variation in
magnitude with variation in the load resistance. Since theibufitage is simply a
filtered waveform of the drain voltage, the output voltage willrave significant
variation to the changes in load resistance (except forslasske series inductts and
attenuation from the reactance of the slight inductive tuninigeoioad network). As can
be seen in Figure 3.1, as the load resistor decreased 6@ to 2Q2, the power tends
to increase since the voltage is relatively fixed becauaa ofcrease in the load current.
However, once the load resistance approaches the @Gtaree of the transistor shown
in Figure 3.2 (and that of the resistances of the inductbesputput power drops off
quickly due to the fact that the amplifier is no longer operateay ideal conditions.
Figure 3.2 shows that the ON resistance decreases aglthefithe transistor increases.
Note that a total drain and source contact resistance@fvias included in the model.

It is interesting to point out that the transistor does not turn inatedgd ON or OFF as
would happen in the ideal case. This is mostly from thetlfiat the gate voltage does
not switch instantly, but is modeled as the typical output@has-F gate driving stage.
The instantaneous drain voltage of the circuit is also consideEhe ON resistance
model is defined as the ratio of the instantaneous drairgeditethe instantaneous drain

current from Ohm's law.
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Figure 3.1 — Variations of output power with load resistante tive transistor width as a
parameter. For these plo& =R <=3Q.
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Figure 3.2 — (a) ON resistance of the transistors modetdeigure 3.1 (same parameters
used). (b) Same as (a) except with larger scales @axihe

Plots of THD and efficiency are presented as functioribefoad resistor in Figures 3.3
(a) and (b), respectively. It is worth noting that the latgensistor proved to have the
best performance in terms of power output and efficiebey,it has slightly lower

performance in harmonic noise. These results are attlibatthe lower ON resistance
of the larger transistor. Reynaert et al. [20] howevavelhshown that although larger
transistors increase the efficiency of the Class-E stage;atieelyarder to drive due to a

larger gate capacitance. This will result in a decrease iefflogency of the driving
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stage, and after a certain size, will eventually result in eedse in overall Power Added

Efficiency (PAE).
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Figure 3.3 — a) THD and b) efficiency as functions aflloesistance and transistor width.

To complete the analysis, the impact on the optimized loadonetparameters with
respect to variations in the load resistance will be consldefs can be seen in Figure
3.4, the extra area taken up by larger transistors wilbbeewhat offset by the decrease
in the optimized capacitor sizes. It is also important to notatibacapacitance modeled
here is the total capacitance seen from drain to ground,lamer transistor will also
decrease the value @@y (drain to source capacitance is part @f.C This puts a
theoretical limit on the maximum size of the switching transistortuRately, one would
most likely use a larger transistor for higher power applinatihat would require a
smaller load resistor, and as shown in Figure 3.4, wouldine a largerCp, thus
accommodating the larger transistor. One important note &biguie 3.4 is that the

capacitor values scale inversely proportional with frequefecy., if the operating
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frequency is one tenth of the frequency specified, thaaitp values required would be

ten times larger if inductors ten times larger are also used)
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Figure 3.4 — Circuit capacitoiSs and Cp as functions of the load resistance with the
transistor width as a parameter. Other circuit values useceaurivalent to those of
Figure 3.1.

3.2 — Varying Choke Inductor Size and)

As mentioned in Section 2.1, the sizes of the two circuit indsictall be set by the
designer, thus requiring a detailed discussion on the adesntagl consequences of
variations in these parameters. The choke indugidras the effect of attenuating the
harmonics present in the choke curreat and will be the topic of discussion for this
section. The ideal case, modeled in most conventional &aligh exceptions of Chan
and Toumazou [25] and Li and Yam [26], assumes anitielfy large inductor, thus

blocking all harmonics and only passing a pure DC curr@dth references however,
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assumed an ideal switch of a transistor (zero ON resistanfogte OFF resistance,
instantaneous turn ON and turn OFF) and lossless indutttassnot accounting for most

of the non-idealities presented in this analysis.

As shown in Figure 3.5a, as the choke induttois increased representing a more ideal
case, the amount of ripple present on the waveform isddspeased. The average

current is also noticeably decreased @ss increased, resulting in less input power. The
effects of the decreasing input power with largeralues are offset above 4 to 5nH by a
subsequent decrease in output power as shown in Fidilre Bhis drop in output power

is mostly due to an increase in the intrinsic resistive lossieitie inductor.
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Figure 3.5 — a) Variations of the choke current wawefar, with different choke
inductors. b) Variations of output power with choke induotawith Q as a parameter.
TheQ of Ls was assumed the same as thatcof

Since one would typically assume the output power to incweisean increase in choke

inductance (more ideal operation from more ideal conditi@mg),this does not occur as
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explained below. It is observed that the power consumetieirharmonics remains
almost perfectly constant throughout the entire range dfecimaluctors for a given value
of Q, even though the power of the first harmonic decreagbdavger choke inductors.
This is most likely due to the change in phase at tiyubu It was discussed in Section
2.1.6 that if the phasg¢ were to change, the excess inductance seen by thenfantid
would change significantly, but that seen by the harmomozdd see virtually no effect.
It is shown in eq. 2.12 that the excess inductance is tal@agoount in attenuating and
filtering thevps waveform. Therefore, if the optimal phase were to ghawith largei_c
values in such a way as to increase the required eixckggance, then the output power
decrease with larger choke inductors can be attributedetodliage attenuation of the
output due to the impedance of the larger excess inductmare by the fundamental
frequency at the optimized load network. The only thifigicéeprove then to support this
explanation would be that the excess inductance is indeedsimigead ¢ increases. For
the simulations showihs was held constant at 5nH, but as shown in Figure 3.6gties
capacitanceCs increased wherlLc increased. This would cause a greater excess
inductance at the fundamental frequency as less of thetambecwould be canceled out,
and thus supports the explanation that the additional harmonrosiuoed by small
inductors actually have an effect of shifting the desiredutytpase in a desirable way so
as to increase the output power without increasing the harmowier. This leads to the
result shown in Figure 3.7a where the THD is shown teas® with increasing values of
Lc. This would imply then that for certain applications, sndllevalues are desirable

within limitations. We can see from Figure 3.7b that the effayies much lower for
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very small values ofc, leveling off around 4 to 5nH. This then implies that ptinoal
value ofL¢ is found around 4 to 5nH depending on the desired sains (5nH will

have slightly higher efficiency, but 4nH will have slighthore output power and lower

THD).
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It is important to note that this condition is not a set optimizabanjs also dependant
on other variables in the design. The most notable of iketbe load resistance. It is
worth noting that 4nH to 5nH is about the valud.gfwhere the impedance of the choke
equals the value of the impedance of the load network (tureddork and load
resistance). If the value of the load resistance werededse (to meet the output power

requirements), the efficiency would level off at a lower gadfithe choke inductdrc.

3.3 - Varying Series Inductance Size an@

The size of the series inductor mostly affects the lo&letithe tuned load network and
thus determines the amount of harmonics that will be passhd twtput. By increasing
the value olLs, a smaller value dofs will be used in order to ensure that the same value
of excess inductance is seen by the fundamental fregegsulting in no net change in
the phase shift produced by the load network). Thergpgmeciably larger value of
inductive reactance will be seen by the harmonics, making thera greatly attenuated.
However, the larger inductors will also have lager internsist@nces associated with
them, and will result in significant power loss in the inductalfitsThis is offset by the
fact that less undesired power is consumed by the loadrabhie frequencies, causing a
very little variation in the efficiency of the amplifier with variatioan the series
inductanceLs. Since the output power at the fundamental frequency tsalhr
unaffected by variations ihs because the same excess inductance is used, the output
power also has very little variation witlk. For this reason, efficiency and output power

will be shown in tabulated form in Table 3.2, and only aati@n of 1 to 2 percent from
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the given values will be seen for valuesLgffrom 4nH to 10nH (inductors below 4nH

cannot be used since the excess inductance required kegiegater than inductor itself

for load resistances of &). The THD however, will be greatly affected by change

Ls, and is presented in Figure 3.8.

Table 3.2 — Output power and percent efficiency as furetdimductorQ.

Q Po %E
5 0.31 31
10 0.95 47.5
15 0.116 55
18
16 - - - Q=15
\ —Q=10
1N — —Q=5

THD [%]

4 5 6 7 8 9 10
Series Inducor Ls [nH]

Figure 3.8 — THD as a function b§ with inductorQ as a parameter.

The last point to consider with respect to the size of thesserductol_s is the size of

other components in the system. It has been shown thabvérall performance

improves as the size oklincreases, and Figure 3.9 shows that bgflariel G decrease
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with increasing k, thus the total chip area may not suffer greatly by irstngethe size of

Lsdue to a decrease in the size of other components.
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Figure 3.9 — Circuit capacitor values as a function of serteectorLs with inductorQ as
a parameter. Here, ti@of Lc was assumed to vary with tieof Ls.

3.4 — Varying Vpp

The two most significant factors in setting a desired output paxeethe load resistor as
discussed in Section 3.1, and the power supply voltagewhich will be the topic of
discussion for this section. Figure 3.10 shows the plotitpiud power, efficiency, THD
and series and parallel capacitances as a function of gopply voltage Wp. Figure

3.10a shows an exponential relationship between supply eatad) output power (this is
due to the squared relationship between power and volRigel[]). However, as the

supply voltage increases, the THD also increases andfittierey levels off around 4V

and then starts declining rapidly. This is due to the ctiwaldetween increased power
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supply voltage and increased output current. As the batprent is increased, the
effectiveness of the series inductgiis decreased, and more harmonic noise is present at
the output. An even bigger consideration to increasing iygsuoltage should be the

drain to source voltage of the transistor. It is shown inrEigw3c in section 4.1 that the

drain voltage can go over three times as high as théysuglfage, possibly pushing the

transistor past breakdown.

1.8 64
1.6
1.4 621
g -
= 1.2 X 60
- S,
s 3
< 08| &8
E S
Qo i =
2 06 5 56
O 04
54
0.2 -
0 T T T 52
2 4 6 8 10 2 4 6 8 10
Power Supply [V] Power Supply [V]
(a) (b)
11 2.6 0.75
10.5 1 _ 244 +0.70
n L. —
10 S22+ 10655
9.5 - - =
220+ 1060 g
s 9 S 3
Sop | S 18+ 1055 &
T o 1 s
E 8 2 1.6 0.50%
7.5 5 L4 1045 =
| n =
7 1.2 4 to040 &
6.5 1.0 — 0.35
6 5 ;1 (‘3 é 10 2 3 4 5 6 T 8 9 10
Power Supply [V] Power Supply [V]

d)

(©) (

Figure 3.10 — Class-E amplifier a) output power, b) efficyerc) THD, and d) circuit
capacitors with variation of the power supply voltagg.V

46



Chapter 4: Verification of Results

4.1 — Verification with SPECTRE®

Results of the MATLAB simulation waveforms were verified gsBPECTRE® circuit
simulator with BSIM3 MOSFET model of the @5 AMI technology. The first step in
the verification process was to ensure that the I-V curésearansistor match, as seen
in Figure 2.5. The circuits will then be simulated using theesparameters, with the
exception that the parallel capacitance will be split amongstatieated capacitaCp
and the transistor. The parameters as mentioned in 3dbkeere used except that a load
resistance of 2Q was used for both simulators. The series capacitor atdcuby
MATLAB to be used in SPECTRE® was 1.2587pF, while tlaeajpel capacitor was
calculated to be 0.7907pF. The parallel capacitance wassliB225pF for the stand-
alone capacitor, and 0.4682pF from the capacitance ofraheistor. These numbers
were chosen by decreasing the physical capacitor untilatiect switching conditions
were observed. The calculated capacitance minus thfgbaapacitor was assumed to
be the transistor capacitance, and was then verified asrs&ggures 4.1 and 4.2. The
MATLAB code only gives a plot for the current through tb&al capacitance seen from
drain to ground when producing the waveform fegg (it assumesCp is one lump
capacitance), and only gives the drain curignas the channel current. SPECTRE,
however, gives the drain current as a combination of tie durrent and current passing
through the drain to ground capacitance of the transistdr tten capacitor current is

given as only the current passing through the dedicateatitap For this reason, the
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MATLAB plots have been modified so that the drain curremveyFigure 4.1) shows

0.4682

'p * 07907

0.25

iCp and the capacitor current (Figure 4.2) is modified tavsR&222. |
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Figure 4.1 — Drain current

.OE-10 15E10 2.0E10 25E10 3.0E10 3.5E-10 4.0E10

Time [sec]

plotted for one period of theaf@m. The channel current is
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The standard Class-E waveforms are presented in FidiBe Blote that the transistor is
assumed ON for roughly the first half of the period @#d- for the second half. The
transition point from ON to OFF being somewhat subjective base¢le transistor
resistance shown in Figure 3.2. It was assumed fositiiglation that the Class-E
circuit would be driven by a Class-F stage preceding itaaygical Class-F output
voltage waveform [2] is presented as the gate voltage agseen in Figure 3.13a. It is
observed in Figure 3.13b that the ripple present on theeahareni, is quite
significant; despite using a relatively large 5nH choke inductbis waveform
obviously cannot be approximated as a DC signal as weulldebcase in the
conventional analysis. The drain to source voltage is showigure 3.13c. Itis
observed that even with a transistor size of 1500/.that an appreciable voltage still
exists across the transistor in the ON state. The most simgldredntional analysis of
this circuit assumes that the ON resistance is zero making\tsaie voltage zero,
which clearly is not the case. More accurate analysisi(@lal. [16], Wang et al. [17],
Sekiya et al. [18], Kessler et al. [19], Reynart et d],[Alinikula et al. [21], Raab et al.
[27], and Mandojana et al. [28]) assume a constant Gistamce, making the drain
voltage perfectly follow the drain current. Although similaaists between the
waveforms, there is an appreciable difference betwedrain current and the drain
voltage due to the variable resistance as modeled in Bgiréhus requiring the more
thorough model of the transistor as presented in this analygyure 3.13d shows the
distorted output waveform due to the finite output inductorThe waveform shown has

only 2.7% THD, yet the waveform is quite noticeably distofteth an ideal sinusoidal
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wave as presented in the conventional analysis. Theohaspresented here do not just
affect the output, but will affect the accuracy of the reshefcurrent waveforms (and
subsequently the voltage waveforms) in the circuit sinceutgut currento, the

capacitor currerityp, and the drain current must sum up to the choke curréemnt
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Figure 4.3 — Comparison of MATLAB and Cadence ClassHplifier waveforms. a)
Input voltagevss at the gate of the transistor, b) Choke curigntc) Drain voltagess,
and d) Output voltage, waveform.
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4.2 — Partial Verification with Hardware

Verification was also done on the theoretical calculations whstgete components on a
prototype board. It was discussed in Chapter 3 that ffelq@ency is scaled by a given
factor, the reactive components in the circuit can be inyessaled by the same factor to
maintain the same impedance in the circuit. For this ret#s®hardware was
implemented at 120kHz with inductor sizes of fBQrepresenting an equivalent
impedance of running the circuit at 2.4GHz with 5nH inducasraould be typically

seen on a silicon fabricated IC. Since @ef passive inductors is typically much higher
than that of silicon fabricated ones (the ones used hathbs$.2) of resistance), a®
resistor was added in series with the inductors to regrésemtrinsic losses that would
otherwise be present. Placing the resistor for the choketmdbetween inductor and
power instead of inductor to drain also aided in the meamureof the choke current.
Having a fixed reference voltage on one side of the resitoved for easy
measurement of the voltage across the resistor with the ssojtle, and subsequently
the current through it by dividing by the value of the resiside transistor used is a
Radio Shack® IRF-510 n-channel power MOS power MOSFETorder to accurately
model the circuit, accurate representation of the transistsir fimet be obtained. This
was done using the Techtronix® 571 curve tracer to obtaidesired |-V characteristic
curves for the transistor. Once the curves could be lemdsing the transistor
parameters discussed in Chapter 2, the parameters causedé the simulation to

represent the transistor. The parameters used to modednbkistor are given in table
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4.1, and the results of the hardware experiment and traparison to the MATLAB

simulation are shown in Figure 4.5.
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Figure 4.4 — |-V curves extracted form the Radio Shalék®510 n-channel power
MOS using a Techtronix® 571 curve tracer.

Table 4.1 — Parameters used for modeling the Radio Sh&H&®10 n-channel power
MOS. A constant mobility model is used for this analysis.

Parameter Symbol Value
Threshold Voltage v 4.5V
Drain/Source Contact Resistance Rarain, Rsource | 0.018)
Transistor Width W 6500m
Transistor Length L dm
Early Voltage \'S 155V
Critical Electric Field E 6.7e6 V/cm
DIBL Parameter o 0.00025
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Figure 4.5 — Hardware versus simulated results for aubatprent, b) choke current, c)
gate voltage, and d) drain voltage for a Class-E amplifier.

The hardware results show excellent agreement with the sirmjlaiib the exception of
the drain voltage. This is most likely due to sub-thresbotcents. It was observed on
the curve tracer that there was a reasonable curreenpiagsvoltages quite far below the
threshold voltage, where as the model assumes zerotaarthis state. Typically the
threshold voltage is found by plotting drain current verstes galtage and extrapolating
a line to the gate voltage axis. The model then assuméswgt point junction at this

threshold, whereas the real component had a transition éisanwch slower. This
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caused the current to be underestimated below threshdldyvan estimated just above

threshold as the transistor turned on more slowly.

This hardware simulation was done using discrete compoaerdtdoes have limitations
when compared against a high frequency integrated cirduiigh frequency power
amplifier may have issues with inductive coupling of the indgcas well as temperature
effects associated with inductors and transistor. Also, titettarge scale of the
components used, the parasitic effects of the interconmreategligible, where this may

not be the case on an integrated circuit depending on tiyn desl layout.
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Chapter 5: Conclusions and Future Work

The model for a Class-E amplifier presented in this thesisedrto be successful through
verification in the SPECTRE® circuit simulator and in hardwafée circuit combined
all the major non-idealities previously discussed in literaturearsingle model, and also
incorporates the driving gate waveform as a parametiee. eXcellent agreement shown
in Chapter 4 verifies the use of this model for the desiga Gfass-E amplifier without
the need to purchase expensive circuit simulators suchEESTSHE. Any improvements
to the model would have a small enough impact on the finalt rdst they would be

completely be absorbed by the large tolerances inhereifitongrocessing.

One deficiency of this model that was ignored due to its nifcignce was the non-
linearity of the capacitance seen in the transistor from doagnound. It is known that
both the drain to source and drain to gate capacitaneesaable with applied voltage,
but the amount of variation was shown to be insignificant gurdéis 4.1 and 4.2. The
capacitance associated with the large inductors was alsmegsasignificant compared
to the much larger discrete capacitors. If the procesadéagies in future years were to
change so that these assumptions were no longer valid, dtlel nvould need to be

modified to account for these.

Future work associated with this project could be done inatlea of the optimal

switching conditions. Sokait al.[1] assumed that the drain voltage should return all the

way to zero volts at the switching points since that was themess ON state drain
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voltage of the transistor. This switching condition has beensthadard used in
literature, but when the drain ON voltage is not assumed tefoe it may be able to be
shown that better performance could be obtained if the dddiiage returned to the ON
voltage from the OFF state instead of to zero. Initial exparisn performed by
modifying the MATLAB code have supported this theory, batdrain ON voltage is not
a constant value, so the value of the drain voltage to Hersbe OFF to ON transition
currently is approximated by the programmer. Derivingeapression to obtain the
correct optimal switching condition would require significant gition in order to

prove this theory correct, and will be left for future work.
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