A R AT T 2
A EF X R HERE T s B
CMOS Cascode Class E Power Amplifier Design with

Linearity Compensation



LR EA 2
AEx EREE S F s B

(]

CMOS Cascode Class E Power Amplifier Design with
Linearity Compensation

Boyod e Student: Wen-An Tsou

R ERAF BL Advisor : Dr. Kuei-Ann Wen

A Dissertation
Submitted to Department of Electronics Engineeand
Institute of Electronics
College of Electrical and Computer Science
National Chiao Tung University
in partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

in

Electronics Engineering

May 2010
Hsinchu, Taiwan, Republic of China

PEARL L ET



ERM B L T AT LR E A Sk Bt

FLoge R B ERA B4

Amv ST R ERAEAR B TN EF LA B e e B
AM-AM F= AM-PM 2% E A& 2. 3K 3+ o 22 4342 Esg# F3ex B5 8 * ) TR & dc-feed
Z RN FEE AR TR IS LAY QR ETR A FBENZ AR A
I HF R R A g R ERS I RAFRT HEAFAR (TR Bl
ETR) Ptk Benfy U VO A A ACAM fo AN-PM % 5

= "F e AM-AM 4= AM-PM 272 &2 2 2R 5 > 3 & e 0 - 2 T AT HF — %ﬁé T
RABPT M BREBE T HME T TEAE s iins B2 2EMPox
fod K326 CHz B Esg# F X BR%REFHT > 5d HIMcH B> 50
LT RAN(0.6 ReFpF %‘a“f%ﬁféiﬁ%]&;ﬁiffﬁ A 30 R E L6 R ﬁ%l:':
ARG ELTRY SRR -n ¥ - 2.6GHz A Eag= I~ BREE D N
REHTERTZ T RS RN B IREEE S ST RS 1V/V SN B 5
FOOREAAEA DRSS 8 REELET R »# 55 6dBn T o f i G
12dBn > & 4&2c% 5 17.89% » PAE % 16.696 o ¥ 5 36 % B » #14% I erid O A7 4 2%
ﬁ&@ﬁ$ﬁ%$1AWMﬂﬂwmiio

2 A1 SR/ RS e SE S 0 o G- OFDM JUgipr > e Balar i o #e
B 0 & 16QAM 93 % T > EVM ¥ &-17dB 3-19. 2dB 5 & 64QAM =333 % = > EVM

7 j¢-21dB 31-25. 1dB - & 15 #4487 AT PRI FI R i S e % Fok gt i
EESRERPAZBENTR YA BT RTEY o HELEHA T #2%0t B 52

1T%he»cF % B o

&

L
i



CMOS Cascode Class E Power Amplifier Design with

Linearity Compensation

Student: Wen-An Tsou Advisors Dr. Kuei-Ann Wen

Department of Electronics Engineering and

Institute of Elecronics
National Chiao-Tung University

ABSTRACT

The dissertation presents the design of the casCtdes E power amplifier with AM-AM
and AM-PM compensation for polar applications. Fdegration and reliability analysis in
CMOS process, the Class E designed with small éd-&nd using cascode topology has been
presented. When the Class E is in supply modulatlem AM-AM and AM-PM distortion is
introduced at the RF output signal.

This work not only analyzes the cause of the digtorbut also presents a compensation
technique. When modulating the gate bias voltag¢hefcascode transistor, the transistor
operates as a resistance alike to improve thert@toof the amplifier. The experimental
result of proposed 2.6 GHz cascode Class E powglifean shows that when the PA is
compensated the AM-PM is reduced from 30° to 6° #mal output envelope voltage is
linearly to supply voltage in p6 > 0.6 V. The experimental result of the 2.6 GHzowale
Class E power amplifier with self-biased controfcuait shows that the voltage slope of
AM-AM is 1 V/V and the phase error of AM-PM is 5The PA has a output power of 12
dBm, drain efficiency of 17.8% and PAE of 16.6%nfra 1.8 V supply and an input driving
of 6 dBm. Therefore, the experimental results destrate the proposed compensation
technique can effectively improve the AM-AM and ARM distortion of the cascode Class E

amplifiers.



In addition, the simulation results of the RF/baseb co-verification platform with
OFDM-based signal source show that the EVM is impdofrom -17 dB to -19.2 dB at
16QAM modulation and from -21 dB to -25.1 dB at @@ modulation. Finally, due to the
low quality factor of silicon-based inductor caugithe degradation on PA efficiency, the PA
with multi-metal layer suspended inductors has h@@sented. The simulation result shows

that the PA can have a maximum efficiency improvenoé 17%.
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Chapter 1
Introduction

To increase the capacity of wireless data transamssecent wireless system, wireless LAN
(WLAN), allows amplitude or envelope variations thie phase modulated RF carriers. In
order to efficiently use the limited available fusmpcy spectrum, these systems employ
spectrally efficient spectrum, such as orthogomedjiency division multiplexing (OFDM).
IEEE 802.11a/g systems, for example, are capablensmitting data at the rate of 54 Mb/s
while occupying a channel bandwidth;ef ‘only 20 MHxhis bandwidth efficiency in the
frequency domain comes at the expense of the isedepeak-to-average-power ratio (PAPR)
in the time domain. For example, 802.11a OFDM dgytteeoretically have a PAPR of 17 dB.

In contrast to constant envelope systems like G3M Bluetooth, the signal with
envelope variations requires a linear power angslifPA) in transmissions. A linear power
amplifier, such as a Class A or AB amplifier, hlas trawbacks of lower efficiency and hence
reduced battery lifetime. Since the efficiency éfsHs and has always been a major topic in
transmitter systems, decreasing the dissipated pane increasing battery lifetime are the
driving forces in the development of efficient ®yss.

Therefore, the efficient transmitters of envelopmimation and restoration (EER), polar
and envelope-tracking (ET) are more attractive iredss communication systems in the
latest years [1]-[37], as shown in Figutel. The EER transmitter is first proposed as it can
utilize efficient switching power amplifiers, whildso providing high linearity [38]. Recently,
the EER system and its modern derivative polar Biidsystems have been extensively

discussed in wireless communication applicatio®g-[34].



1.1 MOTIVATION
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Figure 1.1 Cutting edge architecture of transnstter

1.1 Motivation

For the efficient transmitters as shown in Figufe® Figures1.3 and Figuresl.4, to
recombine the envelope and phase signal is to sagtehing mode Class E power amplifier,
which is a potential candidate for power amplificatin wireless transceivers. The linearity
requirements in Class E PAs have been concerngdq@p As shown in Figure4.5, several
techniques such as digitally modulated techniqu@l-[14], using thick-oxide transistors
[16]-[17], feedback topology [15] [29] and predigton technique [28], have been proposed
to solve the PA linearity problems in efficient rismitter applications. Moreover, the
cascode-based topology of Class E PAs is consideredliability analysis.

The research goal of this work is to explore #®hhiques for implementing a cascode
Class E power amplifier for polar systems in lovetcocomplimentary metal-oxide
semiconductor (CMOS) technology while provide suéint performance. For reliability
issues in a CMOS technology process, the cascqu#ofyy is a viable way to relax the
device stress in Class E power amplifiers [42],]{BQ]. Since the AM-AM and AM-PM

2



1.1 MOTIVATION

distortion is the important specification for PAs polar transmitter applications, the design
issues of compensating the distortion is one ofitberests of the work. Moreover, CMOS

multi-metal layer suspended inductors are presewot@dprove the efficiency of the PA.
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Figure 1.2 Envelope elimination and restorationREE
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Figure 1.3 Polar transmitters.
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Figure 1.4 Envelope-tracking transmitters.

3



1.2 ORGANIZATION
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Figure 1.5 Technologies for linearity improvement.

1.2 Organization

The organization of the dissertation is overviewsdollows:

Chapter2 begins with a review of conventional common souféiass E power
amplifiers. The characteristic of power control gectical considerations are included. The
small dc-feed inductor for integration as well &g tascode topology of the Class E for
reliability analysis is also discussed in the ckapt

Based on the design methodology of the Class Ehapter2, a conventional cascode
Class E power amplifier using a CMOS 04ir@ technology has been presented in Chapter
Moreover, the characteristics for supply modulatapplications have been discussed. The
detailed analysis for the AM-AM and AM-PM distomias described in the chapter.

The AM-AM and AM-PM distortion of the cascode (3aE amplifiers mainly comes

from the nonlinear operation of the cascode tramsiagainst the changed supply voltage.



1.2 ORGANIZATION

Chapterd presents the technique to compensate the distokinen modulating the gate bias
voltage of the cascode transistor, the transisdoopgerated as a resistance alike and the
distortion is improved. Moreover, the efficiencyrfpemance of the amplifier is discussed in
the chapter.

One design of cascode Class E power amplifier emehted in a CMOS 0.18m
technology process has been presented in Chaptafith controlling the external biasing
voltage, the experimental results demonstrate th#itya of proposed technique on
compensating the AM-AM and AM-PM distortion. Funthmre, the design of cascode Class
E power amplifier with auto-biasing control circinas also been implemented in a CMOS
0.18um technology process. Its experimental results sth@rcascode Class E amplifier with
compensated AM-AM and AM-PM characteristics.

Chapter6 presents the RF/baseband co-verification platfaith OFDM-based signal
source for EER system. The co-simulation resultsatestrate the improved system EVM due
to the PA using proposed compensation technique.

The PA efficiency is severely degraded due toititernal inductors with low quality
factor. To alleviate the problem, a developed CM®EMS process and stacked metal layer
suspended inductors have been presented in Chaptle simulation results shows that the
efficiency of the PA with proposed technique andpainded inductors can effectively
increased. For the completeness of the dissertatian cascode transistor replaced by a
resistance in the cascode Class E has been preserdeats results compared with that of the
compensated cascode Class E are included in AppBndi

Chapter8 concludes the summary of contributions and songgestions for future

work.



Chapter 2

Design Considerations of Class E Power
Amplifiers

Progress in the last years has shown that CMOSititnaally confined to the digital and
baseband part of radio transceivers; is also.a ettive technology for radio frequency (RF)
front-end. The demand for compact, low-cost and-pmawwer portable wireless devices has
prompted the quest for single-chip radio transasivealized in a standard CMOS technology.
One of the most difficult remaining challengeshs integration of the power amplifier that
meets the required output power with high efficieriRecently, there have been considerable
interest and research effort in the design, amalgsid implementation of CMOS Class E
tuned PAs [52]. This is due to its high efficiengygmplicity and high tolerance to circuit
variations, comparing to other types of PA. As sule the Class E is the most attractive
power amplifier for power efficient transmitter dgss. Therefore, understanding the
operation of the Class E power amplifier is necgssBhe circuit principle of the Class E is
introduced in Sectior2.1 After that, the cascode topology of Class E soaliscussed in
Section2.2, where this topology is commonly used to redueehigh drain voltage swing on

each transistor.

2.1 Common-Source Class E Power Amplifier

It is desirable to obtain high RF power amplififiicéency in many practical applications. At

least one, if not all, of the following requiremens important: low power consumption, low

temperature rise of the components, high relighistnall size, and light weight. The Class E
6



2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER

power amplifiers can achieve very high efficiengyrbinimizing the dissipated power in the

transistor.

2.1.1 Design Principles

The key idea behind any high efficiency power afigliis to reduce the overlap of current
conducting through the transistor and voltage a&ctbe transistor. This will result in less
dissipation in the transistor and hence incredse®fficiency of the amplifier. A second idea
is to use the transistor not as a current sourcé,als a switch. A further efficiency
enhancement is obtained by minimizing the voltag®ss the switch when it is closed, the
so-called zero-voltage switching criteria (ZVS).ushthe product of the transistor voltage and
current will be low at all time during the peridéigure2.1 shows the ideal waveforms of the
transistor voltage and current that.meet.the hifjbiency requirements [53]. The low
voltage-current product can be made because:

1. “ON” state: The voltage is zero when the curismrawing.

2. “OFF” state: The currentis zero when the vatéayel is high.

3. The rise of transistor voltage is delayed uatdtiér the current has reduced down to

zero.

4. The transistor voltage returns to zero befoeectirrent begins to rise.

5. The slope of the transistor voltage waveformei® at turn-on time.

6. The transistor voltage at turn-on time is zero.

The basic topology of the Class E amplifier is showFigure2.2[54] [55]. The circuit
includes a transistor M operated as a switch, a shunt capacitguan RF choke §, a
series-tuned output circuitdCs, a reactance jX and the load resistange punt IS the
parasitic capacitance in parallel at the switckl(iding intrinsic transistor output capacitance
and circuit stray capacitance).

The simple equivalent circuit is based on the fellgy assumptions [50], [53].

* The RF choke k is ideal: zero series dc resistance and infirg@ctance at the

operating frequency. The RF choke therefore allenl/ a constant (dc) input
current.

* The series resonant circuit-Cs is tuned to the operating frequency.

7



2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER

* At the operating frequency a series reactance pdyces the difference in the
reactance of the inductor and capacitor of theesedrined circuit.

* The active device acts as an ideal switch: zerarstd voltage, zero turn-on
resistance, and infinite OFF resistance; the switclaction is instantaneous and
lossless.

* The total capacitance, sfant plus the intrinsic transistor output capacitanise,
independent of the drain voltage.

e All components are ideal.

VOLTAGE ACROSS
TRANSISTOR

o=

\ ' : TIME
., ON STATE . OFF STATE |

-
™~

CURRENT ACROSS
TRANSISTOR

TIME

Figure 2.1 Ideal waveforms in high efficiency povaenplifiers.

Voo

B C, L jx

I 1
LY | S|

| | ._”: Vswing T Cshunt 2 R,

M

Figure 2.2 Schematic of common-source Class E pawglifier.
8



2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER

Therefore, the voltage-current separation and ZkSoatained by the series-tuned LC
network. The switch is closed at the instant whieogh the switch voltage and its first
derivative are zero. The ZVS condition preventsigition of the energy stored by the shunt
capacitor at turn-on time. The requirement of aZest derivative makes the amplifier less
sensitive to component, frequency and switchingamts variations. This leads to the

well-known Class E conditions as stated by Soka]:[5

Vswing () =0 (2.1)
aszing -0
t=t

where { represents the instant at which:the switch, aggnyt:) represents the switching
voltage. A Class E amplifier then can generate Yeawes that approximate the conceptual
waveforms. The derived component values' and theatpe waveforms of the Class E

amplifier will be discussed in the next section.

2.1.2 Design Equations

Based on the assumptions above, the equivalentitciof the Class E amplifier can be
obtained in Figur@.3. A Class E amplifier consists of a switch S, aduictor L connecting
the switch to the supply voltage,y, a capacitor gin parallel with the switch, a tuned circuit
Cq+Lsin series with a reactive componentdnd a load R

The value of Ris chosen to deliver a desired amount of poweh wispecific supply
voltage \bp. This network acting as a filter also rejects tmmonics of the Class E
waveform at the drain of the switch. In the origiGdass-E design of Sokal, the RF choke
(Lek) is made very large so it acts as a current so@gend Ls form a series resonator tuned
at the desired frequency. Since the Class-E workorglitions are given by two equations,
two components of the circuit can be chosen in suckay that the amplifier fulfills the
Class-E working conditions (Equation3.1) and @.2). For the circuit of Figur@.3 these
two components are the capacitay &d the inductor L In this way, all components are

9



2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER

determined. The values of elements for Class Eatiper are given on Tabl2.1, where Qut
is the quality factor of the output network. Thesida parameter & involves a tradeoff
between operation bandwidth and the harmonic comtérthe output signal. For design
specifications of a Class E,py=1.8 V, ©=2r'2 Grad/sec, =100 mW, @Q,=10000, its
voltage and current waveforms are simulated by &8 Asimulator. The switch with an

on-resistance of 0.000d1 and an off-resistance of 1Mare also assumed.

VDD

Lok l 1ue(6)

al®) ¢, L L
I"‘—

n |
+
K S Ca Vau(6) Ry

o s

~

Figure 2.3 The Class E configuration.

Table 2.1 Class E design equations [52].

2
Pyt Design output power A4 I%CR‘;
. & i
R Load resistance 5]
Fu(m™ +4)
2 . 2
L Excess inductance M
7
& IwP, (5 +4)
80 2
Resonator inductance D ——
Ls @F,, (" +4)
Pl +4
Cs Resonator capacitance M
SW?DDQMz
. _ Four
4 Shunt capacitance m me

10



2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER
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l— ON —s}—oFF —

Figure 2.4 Switching voltage and switching curneaveforms.

Figure2.4 shows the switching voltage and the switchingentrivaveforms of the Class
E. The switching voltage and the switching currean¢ not overlap, causing no power
dissipation in the amplifier. When the switch isFQfhe voltage has a maximum value of 6.4
V, which is 3.56 times the supply value. When thatch is ON, the switch draws a large
current }, as shown in Figurd.5. When the switch is OFF, the switch draws a zement,
and then the capacitancq Begins to charge with a curregt This means that the amplifier
switches correctly, changing alternately betweeng@il OFF. The output voltage and current
with a sine wave, shown in Figuge6, are achieved when the switching voltage and atirre
are through the series-tuned network. The harmonitent of the output signal are filtered
out by this tuned network resonating at the carfrequency. Finally, the efficiency
(Pout/\bp'lpc) of 99.78% is obtained, where the Class E hagarétical efficiency of 100%.
These results indicate that the analytic solutias &n appropriate prediction on the operation

of the Class E amplifier.
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2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER
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Figure 2.6 Output voltage and output current wanafo
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2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER

2.1.3 Power Control

Since the input signal only provides timing infotioa in a Class E power amplifier, the
output power can not be controlled through the irgpgnal like what is normally done in a
linear or weakly nonlinear amplifier. Instead, @ntrol of output power can be effectively
realized through a variable supply voltage, forregke, by a dc-dc converter. Sincegd/is
the only voltage reference in the switching circtiile voltage at each node is proportional
Voo, and the power term of output power is proportidod/pp?. This means that the output
power can be controlled through the supply voltagdich leads to the potential of
maintaining a constant efficiency over a wide raof@utput power. This is illustrated in
Figure2.7, in which we assume, without loss of generalitgtithe loss is only from the finite
on-resistance of the switch. Since both the losbtha output power scale withp, their
ratio, and the overall efficiency, are, virtually affected as the output power is adjusted

through the supply voltage.

/4 P
Pout» Poss 0 Vpp = Efficiency = ——L— = const. (5 3
out + P|OSS

This characteristic is in sharp contrast to comeaal power amplifiers with constant
supply voltage in which the efficiency is typicgitonized only at the maximum output power.
Because the PA may spend most of its time operatngnedium or low power levels in
practical applications [56], a constant efficiercgn potentially result in substantial power

saving.
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2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER
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2.1.4 Practical Considerations

The analysis presented in previous sections isdbase several simple assumptions. In
practice, however, some conditions are not accépiabthe implementation of chip design
[57].

* Non-ideal passive components: The loss of pass@mponents in CMOS
technology can not be neglected because with Iaditgactor.

* Alarge RF choke is hard to implement in an orpaesign.

* Nonzero transition time: there exists inevitalignsition time between ON and
OFF. During the transition, the overlap of the sWivoltage and the switch current
causes the potential power dissipation in the gimwitching amplifier.

* A square waveform as an input driving is not easynplement.

* A nonzero on-resistance and a nonzero saturatittage of the transistor [58].

* Finite Q of the load network: The output signathwa pure sine waveform can not

be achieved, because the finite Q of the seriesetwutput network.

14



2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER

2.1.5 Finite DC-Feed Inductor

The Class E required an RF choke between the daysupltage and the active device has
been described in the previous section. However,RR choke itself is large in size, and
hence presents problems in terms of both largestessie loss and hard to implement in a
single chip. Therefore, a small inductance is nemgsfor designing a fully-integrated Class E
power amplifier.

While we have analytic solutions to the elemeues of a Class E amplifier with an RF
choke, the element values for finite dc-feed indace should be obtained by solving a set of
differential equations with iterative numerical imeds [53], [59]. Based on Equations
(A.6)-(A.11) (seeAppendix A), the component values of the Class E amplifien ba
obtained. For example, the specifications of Clasare assumed as followspp£1.8 V,
carrier frequency=2 GHz,,R=24 dBm (=250 mW), and the dc-feed inductance nH2 The
calculated component values are summarized on RaBld he simulated switching voltage
and current waveforms are also reported in Figu& For given parameters, the Class E
switches normally and its output signal wayefornpragimates a sine wave, as shown in
Figure2.9. Therefore, design parameters'for the Class Eiaerphith a dc-feed inductor are

available.

Table 2.2 Design parameters of the Class E amplifie

Parameter Value Units
Vop 1.80 Vv

Pout 250 mw

f 2 GHz
Lk 2 nH

RL 13.3 Q

Cq 2.53 pF

Lx 0.591 nH

Ls 2.53 nH

Cs 2.50 pF
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2.1 COMMON-SOURCE CLASS E POWER AMPLIFIER
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Figure 2.8 Switching voltage and switching curneaveforms.
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Figure 2.9 Output voltage and output current wanafo

According to design equations mentioned previquslg required Rof Class E with a
finite dc-feed inductance is 13Q and with an RF choke is 7.48 on the same design
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2.2 CASCODE-BASED TOPOLOGY

specifications. It was shown that the Class E gumétion with finite dc-feed inductance
increases the load resistangef® a given output power and supply voltage byleiting the
property that the load resistanceiRa complex function of the dc-feed inductance.

In a Class E ensuring functionally switching, théuctor Ly can be either an RF choke
or a finite inductor. One benefit of a finite indance L instead of an RF chock is to provide
the relief on the supply voltage and the load tasise [60]. If the dc-feed inductance is finite,
we have one more degree of freedom, the value deelt inductance, in choosing the

element values for a given design requirement Wigman RF choke.

2.2 Cascode-Based Topology

The feasibility of realizing efficient power ampéifs in regular CMOS technology is to
receive increased attention because of consideeableomic and fully-integration benefits. It
was also shown that the Class ‘E configuration \irilte dc-feed inductance increases the
load resistance |Rfor a given output power and supply voltage byleiing the property that
the load resistance Rs a complex function of the dc-feed inductanaa. fiarther increase of
the load resistance Rit is desirable to find the way to allow high plypvoltage for a given
technology without stressing the transistors beeail®e load resistance Rs basically
proportional to the square of the supply voltag&).[BHlowever, as the technology scale down
the safe operating voltage will decrease.

Usually, the transistor is switched from the gaseshown in Figur.10 (a), but the
maximum voltage across on the transistor j&iVnaxcan be as large as 3.56 times the dc
supply voltage for an ideal Class E power amplifigr this regard, gate-oxide breakdown,
occurring when high voltages drop across the gaideo deserves particular care in a
conventional common-source Class E power ampli&8t. On the contrary, if the transistor
is switched from source instead of the gate as showigure2.10(b), the maximum voltage
stress is reduced togMin maxV cc because the source of the transistor swings uptiv input
voltage [61]. Therefore, the maximum allowable dyppltage iS Vrainmat(VdrainmazVco)
times larger for common gate switch than that forc@mmon-source switch. The
common-gate switch presents the input driving stagk a low impedance node, differing

from the common-source switch with a high impedamoge.
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2.2 CASCODE-BASED TOPOLOGY
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Figure 2.10 (a) Common-source switch, (b) Commae-gaitch, (c) Common-gate
switch combined with common-source stage, (d) Maximvoltage stress for each case

assuming the voltagejswings from 0 to ¥g.

In order to avoid the damage to the transistor wu¢he low breakdown voltage in
CMOS process and the low impedance driving nodec#iscode topology is a viable way in
designing Class E power amplifiers [42] [62]. Irglie 2.10 (c), a common-source stage is
combined with the common-gate switch into the cdedopology. In this way, the maximum
drain voltage is divided between the two devicesl also the maximum oxide voltage drop
reduces since a constant voltage;¥s applied on the gate of common-gate transi§aring
the OFF state, the drain voltage of the commonesoawitch transistor rises tag¥-Vr. The
maximum drain-source voltage drop, therefore, reducom \jain maxt0 VrainmazVectV.
The additional benefit of the cascode Class Eagdlduced output-input coupling [63].

The important feature of the Class E for commuiocasystem applications is the

mechanism of modulating the supply voltage. Althoegscode implementations of Class E
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2.3 SUMMARY

power amplifiers are present in the literatures, sburce of AM-AM and AM-PM distortion

as supply modulation has never been discussediantified.

2.3 Summary

This chapter gives an overview of Class E power ldiens. The overview of the switching
power amplifier designs, including common-sourgeotogy and cascode-based topology, are
given. The design methodology of common-source CEasamplifiers with RF choke has
been revisited, and for the fully-integration puspdhe amplifiers with finite dc-feed inductor
has also been described. The cascode topologysefi@bility analysis in CMOS process

technology, of Class E power amplifiers is requiaad its characteristics are also studied.
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Chapter 3

Design Considerations of Cascode Class E
Power Amplifiers

For reliability analysis and fully integration, tisascode Class E power amplifier with a small
dc-feed inductance is a good candidate ‘for comnatioic system applications. For high
efficiency transmitter applications, the charastées of the cascode Class E power amplifier
should be identified, especially in AM-AM and-AM-PHistortion. In this chapter, Section
3.1 describes a design of CMOS cascode Class E pawglifeer. Section3.2 introduces the
cause of AM-AM and AM-PM distortion. The physicalbased analysis compare with the

simulation analysis give more details and undedsteys on the cause of the distortion.

3.1 Operation Waveform Analysis

The cascode Class-E power amplifier, shown in E§ut, consists of two nMOS transistors,
a dc-feed inductor, and output network comprised shunt capacitor, a series LC circuit and
an impedance matching network. The series LC dirappears inductive at the carrier
frequency and the impedance matching network maflel @C, transforms 500,
representative of the antenna resistance, intolRe inductor L, Ly and Ly, can be realized
by the inductor L. The shunt capacitory@s implemented entirely by a parasitic capacitor o
the transistor Mdrain to ground. The transistor;Ns biased at threshold voltage for a 50%
duty cycle while the transistor Ms applied by a dc voltageg¥. The input signal is used to
switch the transistor Mon and off.
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3.1 OPERATION WAVEFORM ANALYSIS
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Figure 3.1 CMOS cascode Class E power amplifier.

Table 3.1 Design parameters of cascode Class Efanpl

Device Value Units
Lex 2 nH
Co 11 pF
Cs 5 pF
Lout 2.5 nH
o 0.9 pF

Voltage (V)

7 =~ Drain - Source of cascode transistor
-1 L L L S B B R
0 100 200 300 400 500 @600 700 BOO

Time (psec)

Figure 3.2 Simulated waveforms of the cascode Egsswer amplifier.
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3.2 PHYSICAL ANALYSIS OF AM-AM AND AM-PM DISTORTION

For design specifications d¢f= 2.6 GHz and &; = 125 mW (~21 dBm), all design
parameters of the cascode Class E amplifier with-feed inductor can be obtained, referring
to the analytic solution in Appendik. All component values of a CMOS 0.18 Class E
amplifier are summarized on Tal#el. The additional degree of freedom provided bytdini
dc-feed inductanced=2 nH is set, whereas;Lis small enough to be implemented in CMOS
process. The shunt capacitance is entirely absdblyethe output capacitances of cascode
transistor. For an ideal Class E power amplifiethvein RF choke, the peak voltage stress on
the switch is no longer 3.56). For practical Class E power amplifiers, the pealtage can
be as low as 2.4d4, as illustrated in the simulated waveforms in F&g8.2, which is
obtained from ADS simulation of the circuit in Frgt8.1 with Vge = 1.8 V and ¥p = 1.8 V.

In order to switch the common-source transistoresdly, the input power of 6 dBm is
required. Due to the voltage at the source of aesdpansistor is nearly 36V, the
maximum voltage stress 0fgMinmax IS. reduced to WainmaxVectVrh, Where the threshold
voltage iy is ~0.45 V.

The correct component values of output networbved| the drain voltage and current of
the transistor M operating separately without the overlap of wax@f and tunes out the
desired frequency at the output load. However, riactice, the transistor Mhas a finite
on-resistance and transition time from the OFFestatthe ON-state. Therefore, the peak
voltage is reduced to 2.4Y due to the nonzero on-resistance. These factorseca certain
amount of power dissipation on the switch, resgliim a reduction in power efficiency [60].
The simulated drain efficiency of the amplifierdegraded to 60%, and the output power is
18.5 dBm.

3.2 Physical Analysis of AM-AM and AM-PM
Distortion

In EER or polar transmitters, the Class-E PA isvalni by two input signals, one is the
constant-envelope RF signal and the other is thdutating signal delivering to the PA

supply voltage. The RF output signal, thereforey ba recombined by the Class E power
amplifier. However, when the PA is in supply modua, the modulated transistors cause the
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3.2 PHYSICAL ANALYSIS OF AM-AM AND AM-PM DISTORTION

AM-AM and AM-PM distortion on the RF output signalhe AM-AM distortion is the
difference between the supply voltage and the epeclof the RF output voltage. Such a
difference is caused by a nonlinear relationshipveen the supply voltage and the envelope
of the RF output signal. The AM-AM distortion inglRF PA itself can be kept low if it is
always operated as a switching amplifier. In otlwerds, the supply voltage of the PA driver
stage will be kept high to ensure the switchingureabf the amplifier. Besides the AM-AM,
the AM-PM distortion will also be presented in tbiecuit. This distortion is an unwanted
phase modulation of the RF output carrier due &orttodulation of the supply voltage. The
distortion will severely degrade the system emisgierformances. It is necessary to identify
the cause of this distortion in order to recovertitansmitted RF signal.

3.2.1 Device Operation

As drain amplitude modulation of PAs, the transid¥ still acts as a switch, however, the
transistor M operating in different mechanisms dependents @n Vriations of supply
voltage. When the transistor;Né turn-on, the voltage across these two transissovery low
because the transistor;Micts as a switch and the transistog dhly provides a path for
current-flowing. When the transistoriMs cut-off, no current flows from the transistor, M
drain to ground and the transistor, Mrain voltage is still allowed to surpass the $upp
voltage.

In small supply voltage range, the transistor dperates in the deep-triode region and
therefore its drain-source voltagepdy, is very low, occupying extremely small voltage
headroom. ¥s, means the dc component of the Bfrain-source voltage, i When the
supply voltage is large enough to completely tima transistor Mon, the transistor Mhas
the ability of current driving and occupies thernsiigant drain-source voltage. According to

the statement above, the voltagssMcan be expressed as

VDSZ =0 , for Vpp < V¢ (31)

VDSZ = VDD X

2 Domx - forVpp = V. (3.2)
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3.2 PHYSICAL ANALYSIS OF AM-AM AND AM-PM DISTORTION

where \bp max=1.8 V, Ve=(Vee-V1u)/A andX is the ratio of the Mmaximum drain voltage to
Vop,max Wheni is 2.4, \Lis ~ 0.6 V. In Equations3(1) and 3.2), the effect of the maximum
drain voltage of the Class-E amplifier has beeruthed. Equations3(1) and @.2) illustrate
that the drain-source voltage of the transistgrid/changed not only by the supplyy/but
also by the gate-biased voltage of the transister INl other words, the voltagepy, is
simultaneously modulated by the supply voltage thedvoltage Vc.

The theoretical result of Equation3.1) and B.2), and simulated ¥s, are plotted in
Figure 3.3. The supply ¥p is swept from 0 to 1.8 V by 0.2 V per step. It siathat the
theoretical result has a good agreement with tieulsied result. It indicates that the
operating mechanisms of transistors are varied tighmodulated supply voltage. On this
operating condition, the relationship of the vo#aé,s, and the supply voltage is nonlinear.
Furthermore, this variant condition of the trarmisM, leads to a nonlinear drain-source

voltage, which will also introduce . .a. . non-constardpacitance and a non-constant

transconductance.
1.2
Tr =O= Theoretical
0.8 | - Simulation
=
o 06 |
[a]
=
04t
0.2t
0 D—O=0—"0

0 02 04 0B 08 1 12 14 16 18
Supply Voltage (V)

Figure 3.3 Theoretical and simulation results ggpagainst supply voltage.
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3.2 PHYSICAL ANALYSIS OF AM-AM AND AM-PM DISTORTION

3.2.2 1/V Curve

As the variations of ¥p, the transistor Mand M, operate in different operating mechanisms,
which can be illustrated by drain voltage wavefahithe transistor Mand M, respectively.
The simulated drain voltage waveforms of the trstosiVy and M, are reported in Figuré.4.
The supply voltage is swept from O V to 1.8 V by &/ per step. As ¥ < 0.6 V, the
transistor M acts as a switch and the transistor jist performs a transmission path for the
current drawn from the power supply ta.Mhe drain voltage waveforms of the transistar M
and M, are almost the same because the required drainesgaltage of the transistor Vs
very small. When the supply approximates 0.6 V, ttia@sistor M is close to completely
switching and the transistor Nbegins to have the capability of amplifying theided signal.

mo m7
time=146.2psec time=153.8psec
ts(node cascode)=1.520| |ts(node d)=4.347
\/ dc=1.800000 Vdc=1.800000
m4 mb
time=230.8psec time=230.8psec
ts(node_cascode)=0.901  ts(node_d)=0.920
Vde=0.400000 \/dc=0.400000
5
4
—~ 3
<
> 2
£
O
> 1

T —e— My drain voltage =~ —=— M drain voltage
-1 L L L
0 100 200 300 400 500 600 700 80O

Time {psec)

Figure 3.4 Drain voltage of Mand M, as the variations of pb.
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m9
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Wdc=1.800000
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Figure 3.5 Drain-source voltage and drain curréid g

When \pp > 0.6 V, the drain voltage of transiston Mnly has the slightly increase, but, the
drain voltage of transistor Mbegins to increase proportionally tay3/ In this operating
condition, the transistor Macts as a switch and the transistof g§dadually amplifies the
signal with the increased supply voltage. Furtheenm order to understand the operating
mechanisms of transistors, the drain-source voléagedrain waveforms of the transistop M
as shown in Figurd.5 can have an illustration on that.

Figure 3.5 shows the drain current increases proportionallyhe supply voltage. This
indicates that the amplifier can regularly opernat¢he varied supply voltage. However, the
drain-source voltage only amplifies proportionathythe supply voltage, as the supply voltage
is swept from 0.6 to 1.8 V. It is owing to the ts&stor M, operating in different regions.
Unfortunately, due to this nonlinear relationshfgghe voltage and current, the amplifier will

have an amplitude error and a phase error on theuRfut signal.
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3.2 PHYSICAL ANALYSIS OF AM-AM AND AM-PM DISTORTION

3.2.3 Impedance Variation

When modulating the PA supply voltage, the transis, operating in different regions has
nonlinear drain voltage and current output wavegrmwhich are caused by a nonlinear
capacitance and a transconductance. Moreover, Aheulut signal would accompany the
nonlinear characteristics of the transistos. Mh this work, we propose that the drain-source
impedance variation of the transistop M the cause of the AM-AM and AM-PM distortion.
This can be understood by the physical model degict Figure3.6.

This simplified equivalent model consists of thategsource capacitor ), the
gate-drain capacitor (), the drain-bulk capacitor (&) and the current-source(gV gs)).
Given an insight into impedance analysis, the dégace Gy, and transconductance,gcan
be given by Equation8(3) and (3.4).

Capz = v (3.3)
1+ DB2
\&
_ W
Om2 = HaCox (T)M ) (Ves2 = Vi) (3.4)

where \4; is the built-in potential of the body diodejo@s the output capacitance as the
drain-bulk voltage ¥g,=0 and \&szis the dc component of theMate-source voltage,ghs
Equations 3.1) and @.2) show that the variations of the supply voltagasesl a nonlinear
voltage \bs2. In Equation 8.4), the voltage ¥s, can also be expressed ascMVopp-Vps))-
Substituting Equations3(1)-(3.2) into Equations 3.3) and (3.4), the relationship of &, and
Om2 against \bp are plotted in Figur8.7. Cyq2 is difficult to be expressed by the close form of
voltages. However, the values ofs&are obtained by the interpolation method and hésce
been included in Figurd.7. The result indicates that, asd/is swept from 0 to 1.8 V, the

nonconstant capacitances and the nonconstant trdnciance are introduced.
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Figure 3.6 Equivalent model of the transistor. M
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Figure 3.7 Theoretical results ofifa Cya2 and g2 against supply voltage.
Since the component values are non-constant, dhevadent drain-source impedance,

Zys, at the carrier frequency should be non-consiém. impedance ¢, is derived according
to the equivalent model and has been given by Erué.5).

VdsZ - VdsZ
IdsZ ngVgsz + oncdbzvdsz + onng ZAVDD

— Vdsz
ng(VGG - (/]VDD _Vdsz)) + jwo(CdeVdsz + ngz/“/oo)

(3.5)
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3.2 PHYSICAL ANALYSIS OF AM-AM AND AM-PM DISTORTION

where }s; and o, denote the M drain-source current at the carrier frequency angdular
frequency, respectively. Equatio.§) shows how the impedancesZis a function of the
transconductance, capacitances and voltages. Fudhe, the transconductance, capacitances
and voltages in Equation8.9)-(3.5) can be expressed as a function gbrespectively. In
order to simplify the analysis, the magnitude @f>»Z|Zis4, has been plotted againsppv/as
shown in Figure3.8, where |4s4 has been given by Equatidh®).

|Zd 2| — |Vd32 — | VdsZ |
° ‘ I ds2 ‘ ngVg52 + jwocdeVdSZ + ja)ocgdZ/]VDD ‘
- | Vdsz |
‘ Ome Vae = (AVpp ~Vae)) + ], (CyppVye + ngz/]VDD )‘
2
= Vos . (3.6)
(e (Voe = AVop V)" (@, (CypVie +ng2/]VDD))

The comparison in Figur@8 shows that the theoretical result is in good agesd with
the simulated result and also proves'that the nadapacitances and the transconductance of
M: really bring a nonconstantg4. This non-constant impedance will be convertedirio
imperfect voltage waveform, equally the magnitudd @hase errors, at the,Mrain node.
The difference between the theoretical result &edsimulated result is due to the saturation
voltage of transistors and the voltage drops gake neglected. Furthermore, the PA output
signal accompanies with the magnitude and phasesédnom the M drain node, so-called the
AM-AM and AM-PM distortion. The simulated AM-AM andM-PM distortion has been
shown in Figures.9.

The result reveals that the relationship of theetope of the RF output voltage against
the supply voltage is nonlinear and the voltageiat®mn at \Lp=0 V causes an additional
distortion at low envelope levels. When the supgalifage deviates from its optimum value of
1.8 V down to 0.5 V the maximum AM-PM changes byd&brees/V and 21° of the phase
error. In the supply voltage of 0 V to 0.5 V, thé1AM is highly nonlinear and the phase
error is as large as 78°. These characteristidgsatel that low envelope levels are harder to
reconstruct than high envelope levels.
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Figure 3.9 AM-AM and AM-PM distortion.
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3.3 SUMMARY

3.3 Summary

A prototype of cascode Class E power amplifier g€<dMOS technology has been presented.
The characteristics of the cascode Class E amplifiesupply modulation have also been

discussed. The theoretical analysis and simulatsalts illustrate that the cascode transistor
operating in different regions cause the non-caristguivalent impedance at the drain node
as the supply voltage is modulated. The impedaeselts in the magnitude and phase errors

at the drain voltage as well as the AM-AM and AM-Rltortion on the output signal.
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Chapter 4

Innovative Linearity Compensation
Technique

Since the cause of the AM-AM and AM-PM distortioashbeen discussed, a technique for
compensating this distortion is presented in.thepter. By controlling the gate voltage of the
cascode transistor, the nonlinear effects at @mdnode are minimized and the AM-AM and
AM-PM distortion at the output node are improvedrtRermore, the efficiency performance
of the amplifier is also discussed. In this chapfection4.1 describes the compensation
technique for AM-AM and AM-PM distortion. The compson results of the amplifier with
and without compensation are reported. The effoygrerformance, as the amplifier has been

linearized, is discussed in Sectibr2.

4.1 Improved AM-AM and AM-PM

Since the non-constant impedance causes the nankfiect at the cascode transistor drain
node as well as the AM-AM and AM-PM distortion hetoutput load, having a constanis}Z
should be allowed to minimize the distortion. Irppgly modulation, the cascode transistor is
driven by two input signals, one is from the draode and the other is from the source node.
The drawing current therefore is simultaneouslycires by the gate-source voltagesyand
the drain-source voltagesp¥. Moreover, the voltage 342 and \bs; are the function of the
Vpp and can be expressed as Equatidny @nd @.2), respectively, where 3§1(Vpp) means
Vps1 varied with \bp. The equations also show thaggy and \bs, are correlated to each
other. When ¥s; is nonlinear againstds, Vesz and \bs; are also nonlinear againspy, and
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4.1 IMPROVED AM-AM AND AM-PM

the non-constant component values are introduced.

Vesz =Vee ~Vos1 (Voo ) (4.1)
VDSZ :VDD _VD81(VDD) (4-2)

In order to obtain a constantdd, it is feasible to get ¥, and \bs; linearly against ¥Yp,
and the components value is linearly againss.\According to the Equatior8(4) the voltage
of Ves2—V1n should be linearly againstpy. And substituting the Equationd.{) and é.2),
the impedance |£J can be expressed by the parametersgf ahd \bp. Therefore, the M
gate voltage is changed tgy+ V14, which forces the transistor Mo act a resistance alike.
When the cascode transistor has been operatedesistance as shown in Figutel, it is
expected that the impedances}fdis constant.

In Figure4.1, the adder produces a voltage, which equals tteshbld voltage W, plus
the supply Wp, on the M gate node and therefore the transistorwill be operated as a
resistance. During drain amplitude. ‘modulation, #ugler output voltage varied with the
supply Vbp always forces the transistor,Nb operate as a resistance while the transistor M
acts as a switch. Therefore, a constagid|Zs obtained and its simulated result has been
shown in Figuret.2. It shows that the voltagep¥. is linearly against the supply voltage and

hence the constantgy is obtained.

VDD VDD

Vin_(otage)  Lu E Lok
adder if Vo=Vopo+Vrmy

el UM, > M,
K\J 4&% f\J ﬁ_mf

Figure 4.1 Equivalent schematic of the PA with AN#4Aand AM-PM compensation.
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Figure 4.2 Simulated.results okid and \bs, against supply voltage.
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Figure 4.3 Simulated results of,NMnd M drain voltages against supply voltage.
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Figure 4.5 Compared AM-AM and AM-PM distortion.
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4.2 EFFICIENCY IMPROVEMENT

Figure4.3 shows the simulation results of;Mrain voltage and Mdrain voltage. The
supply voltage is swept from 0 V to 1.8 V by 0.20¥8r step. As expected, both the maximum
drain voltages are proportionally increased with shipply voltage. It has much improvement
comparing with the result in Figuf&4. The results of I drain-source voltage and drain
current are shown in Figu#e4. The drain-source voltage is also proportionabyied with
the increase of the supply voltage. Therefore, wthencascode transistor,Ns degenerated
into a resistance, the linear voltaggsyand the constant impedancegsjZare achieved.

The results of the PA with and without the AM-ANMhch AM-PM compensation are
compared in Figured.5. When the PA has the compensation, the relatipnsifi the
magnitude of the output voltage against the supplyage is linear and the AM-PM in the
supply voltage of 0.5 V to 1.8 V is improved frorh°20o 2.2°. The proposed methodology
evidently has compensated the AM-AM and AM-PM distm of the PA during supply

modulation.

4.2 Efficiency |mprovement

One more advantage of the transistor dperating as a resistance is to improve the drain
efficiency in low supply voltage and extend the rp@g supply range. The dc currepg in

[64] can be rewritten by Equatiod.B), where \4min means the finite drain-source voltage
during the transistor conducting and R the source terminal resistance. The relatigmshi
between the PA efficiency and the dc currgit is given in Equation4(4). When the PA
with or without the proposed compensation methoghplooperating on the identical

conditions of B, and \bp, drain efficiency is inversely proportion tecl

_ nw(Cdbz + ngz)(VDD B Vdmin)

= 4.3
o 1+ ZIIORS(Cde + ngz) ( )
Efficiency = Pou x100% O P 1 (4.4)
I:)DC DD DC l DC

Figure4.6 shows the results ofd against the supply voltage. In small supply vadtag

the bc value of the PA with compensation is less than Riewithout compensation and
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4.2 EFFICIENCY IMPROVEMENT

therefore drain efficiency of the PA is increasedshown in Figuret.7. The maximum
improvement of 20% is achieved app£0.55V. This improvement benefits the operation of
the PA in low supply voltage. When modulating thep@y voltage of the Class E PA, the
consistent efficiency in entire operating supplyga is demanded. In other words, the
proposed methodology extends the operating supplge during supply modulation since the
PA has the slightly degradation on drain efficieimtyigh supply voltage. The degradation in
high supply voltage is due to the equivalent rasis¢ has more dc power consumptions (see
AppendixB). The results of power gain and output power ajdime supply voltage are also
reported in Figure4.8, where the input driving power is 6dBm. When thapéfier is
compensated, the power gain and output power ofPtAeare not degraded. The result
indicates that the proposed methodology can congperise AM-AM and AM-PM distortion

of the Class-E power amplifier without degrading A performance.

DC current (mA)
i
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Figure 4.6 Compared dc current.
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4.3 SUMMARY

4.3 Summary

The design methodology for compensating the AM-AMI 8AM-PM distortion has been
proposed in this chapter. By changing the gate b@kage of the cascode transistor, the
distortion is compensated and its comparison resolt the PA with and without
compensation have also been reported. In the apgapply range, the AM-PM phase error
has been reduced from 21° to 2.2°. Furthermoregffim@ency performance has the maximum

improvement of 20% when the PA has been compensated
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Chapter 5

Circuit Implementation and Experimental
Results

In order to demonstrate the proposed compensagicmique, designs of cascode Class E
power amplifier and cascode Class E ‘with‘auto-b@sbntrol circuit have been implemented
in CMOS technology process. In the design of Classhe gate bias voltage of cascode
transistor applied by the external supply intemulgjive a comparison of the AM-AM and
AM-PM characteristic between the PA with and with@ompensation. Furthermore, the
cascode Class E with auto-biasing control circsitan example to show the PA with
improved AM-AM and AM-PM characteristic. All of sinlation and measurement results
demonstrate that the compensation technique isvatiofor improving the AM-AM and
AM-PM distortion. In this chapter, the design ofscade Class E power amplifier and its
measured results are described in Sed&i@nSections.2 presents the design of cascode Class
E with self-biased control circuit and its measuresults. The performances are summarized
in Section5.3.

5.1 CMOS Cascode Class E PA Design

5.1.1 Circuit Design

A fully integrated cascode Class E power amplifias been implemented in a 0.6
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5.1 CMOS CASCODE CLASS E PA DESIGN

CMOS technology, as shown in Figusel. The cascode topology of Class E amplifiers is
used due to the concern of low breakdown voltagéMOS process. For highly integration,
all of passive devices are implemented by the malecomponents. The amplifier operates at
2.6 GHz from a 1.8 V supply voltage. The input rhatg network is designed to transfer the
amplifier input impedance to 90 at the carrier frequency. The series @i, is designed to
have a 2.6 GHz resonant frequency. Th&30ad resistance is down-converted by means of
the L,-C network. A fit value of the inductorLis selected to separate the drain voltage
waveform and the current waveform. The inductgr Iy and L, are integrated with an
internal inductor. The series ot-C, is implemented to improve power efficiency [51]. A
way to minimize the power loss is to tune out tlaeagitic capacitances by the inductqr L
resonating parasitic capacitances on node P atdsieed frequency of operation. A blocking
capacitor Gis inserted between the inductgrdnd ground. The RF choke is implemented by
a small dc-feed inductance using an internal inmuc@onsidering the electrical performance
of internal inductors, they have an allowed currdernsity of 1ImAim at the temperature of
85°C, and the maximum metal width of @@, the thickness of gm. Therefore, avoiding the
metal damage of &, the PA was designed to have an allowed currgraaty. Hence, the
large output power and drain efficiency are notrtegor design targets in this amplifier. The
aspect sizes of the transistog khd M, are 1080/0.18m/um.

VDD

Lee @ 2nH
Cs  LgtLtln,
+——e—00;
|: M 10pF 2.4nH

4} 2

. P 1
1.6nH % | % L, 2504 Cm7 é50§2

VGG

Vbias

4

W, 0.6pF C, 10pF

Figure 5.1 Cascode Class E power amplifier.
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5.1 CMOS CASCODE CLASS E PA DESIGN

5.1.2 Simulation Results

A performance comparison is accomplished betweend#sign of cascode Class E power
amplifier without compensation and with compensatidhe signal power of 6 dBm is
applied at the input of the Class E amplifier. Boe Class E amplifier without compensation
the voltage Vg is applied at 1.8 V and for with compensation tbétage \&¢ is applied by
VoptVh, Where My is 0.5 V. The Vp is swept from 0 V to 1.8 V, per 0.1 V step. The
comparison of AM-AM and AM-PM is shown in Figute2 The relationship between the
supply voltage and the envelope of the RF outpghadi has been linearized when the
amplifier with compensation. The phase error i® atsproved from 15° to 2° as thepy is
swept from 0.5 V to 1.8 V. In other words, it caeghat the operating supply voltage range
has been extended. The simulated results of dféizieacy and dc current are reported in
Figure5.3. The PA without compensation.has the maximum deéficiency of 40%. Due to
the low quality of internal inductors;-the largesistive losses of inductors result in the low
drain efficiency of amplifiers When the PA with cpansation, the amplifier consumes the
less dc currents in small supply voltage and tloeeeican have the maximum improved
efficiency of 13% at the M of 0.6 V. Furthermore, the efficiency against supply voltage

is nearly constant in the extended operating supplyage range. The peak drain efficiency is
reduced to 37% at thepy of 1.8 V. The amplifier has a maximum power gdii® dB and a

maximum output power of 16 dBm as thgpMs 1.8 V, as shown in Figuie4.
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Figure 5.4 Simulation results of power gain ancpatipower.

5.1.3 Experimental Results

The fully-integrated cascode Class E power amplii@gs been implemented in CMOS 0.18
um process. The chip photo is shown in Figbufeand it has a die area of 1.25x1.3 fnithe
measurement setup is shown in Figbré The signal power is 6 dBm and thgpvis swept
from O V to 1.8 V. The output signal power is extel from the spectrum analyzer and the
output signal phase is extracted from the phaseeses of S21 s-parameter by the network
analyzer. For the condition of the PA without comgegtion, the ¥¢ is applied at 1.8 V. For
the PA with compensation, thegy¥ equals to (¥p + 0.5) V. The measured results are
reported in Figure$.7 and5.8. Figure5.7 shows the comparison result of the AM-AM and
AM-PM distortion. It reveals that when the PA withocompensation the output envelope
voltage is nonlinear to the supply voltage. Whethwdompensation, the linear relationship
between the envelope voltage and the supply voiegbétained. The PA with compensation
has improved the phase shift of the output sigreahf30° to 6° when Y¥p is 0.4 V to 1.8 V.

At Vpp below 0.5 V, the significant phase shift of thepai signal due to the incomplete
switching of transistor lYimay severely degrade the system performance. Hanagperating
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5.1 CMOS CASCODE CLASS E PA DESIGN

voltage of above 0.5 V is recommended for EER/palaplications [49], [71]. Figur&.8
shows the measured results of drain efficiency angbut power. When the PA without
compensation, the efficiency has the severe vandtiom 4.5% to 12% as thepy is swept
from 0.7 V to 1.8 V. When with compensation, thicggncy has the nearly constant value of
9%. When with compensation, the maximum output paseeduced from 9 dBm to 8 dBm
at the supply voltage of 1.8 V. Due to the reductan the measured PA power gain the

output power and efficiency are decreased.

R T

Figure 5.5 Chip photo of cascode Class E power ifispl
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Figure 5.6 PA measurement setup.
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5.1.4 Summary

In order to demonstrate the proposed compensaticdmique of the AM-AM and AM-PM
distortion, a cascode Class E PA has been propasddimplemented in CMOS process
technology. By the given external control voltagge comparison results between the PA
with compensation and without compensation areiodéta The results demonstrates that the
proposed technique for improving the AM-AM and ANWRdistortion of the output signal

can effectively decrease the phase shift and linedne output envelope voltage.

5.2 Cascode Class E PA with Self-Biased Control

Circuit Design

5.2.1 Circuit Design

In order to realize the proposed technique, a cles@bass-E power amplifier shown in Figure
5.1, with a self-biased control circuit for compensgtthe AM-AM and AM-PM distortion
has been implemented in a 0 4@ CMOS technology process, as shown in Figuée The
self-biased control circuit intends to produce dtage, the sum of a dc voltage and an
analogue voltage. It is implemented by a voltaggeadincluding an operating amplifier with
five resistors. Selecting the ratio of resistole expected output voltage is obtained. The
operating amplifier has the unit-gain frequencyl®0® MHz for achieving a correct output
voltage of the self-biased control circuit duringpply modulation. The control circuit is just
to produce an expected,Mate voltage ¥e= Vpp + V1H, SO that it only needs to draw few

micro-amperes from the 3.3 V supply.
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Figure 5.9 Detailed schematic of (a) cascode (HaB# with self-biased control circuit,

and (b) self-biased control circuit.

5.2.2 Simulation Results

The result of the PA with self-biased control citcis reported in Figure5.1Q The
relationship of the envelope of the output voltagainst the supply voltage is linear and the
AM-PM in the supply voltage of 0.5 V to 1.8 V isskthan 3°. Therefore, the proposed
technique evidently has compensated the AM-AM an-PM distortion of the PA during
supply modulation. The amplifier has the maximuntpat power of 16 dBm and drain
efficiency of 38%, as shown in Figukell The drain efficiency is varied from 30% to 38%
as the Vp is swept from 0.5 V to 1.8 V. The figure also sisothe amplifier has the
maximum PAE of 37% and the PAE is severely degradéd the decreased supply voltage,

especially in small supply voltage.
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5.2 CASCODE CLASS E PA WITH SELF-BIASED CONTROL CIRCUIT DESIGN

5.2.3 Experimental Results

Fabricated prototypes have been measured by the pesting. The chip photomicrograph is
reported in Figuré.12 Total die area is 1.6 mm?2. Figubel3 shows the PA measurement
setup. The expected gate bias voltage ofthh be achieved whemny is swept. Figuré.14
shows the measured characteristics of the AM-AM AREHPM of the PA. The phase error is
reduced down to 5° asp is swept from 0.7 V to 1.8 V. A linear voltageatbnship is also
obtained and there is a small deviation in low $yppltage, from 0 V to 0.3 V. As expected,
the AM-AM and AM-PM distortion of the Class-E PA shdbeen compensated by using
proposed design technique. The prototype deliverswuput power of 12dBm with an input
driving power of 6dBm from a 1.8 V supply voltagada The output power can be regulated
by changing the supply voltage of the amplifiergl¥e 5.15 shows the measured output
power, drain efficiency and power-added; efficieneysus \4p. The output power increases
proportionally to \bp?, varying from -2-dBm‘to 12 dBm, asyis swept from 0.3V to 1.8 V.
In small supply voltage, the transistors can notdapletely on so that the amplifications of
the RF signal are not available. Drain efficien@es 17.8% in ¥p of 0.5 V to 1.8 V. As the
supply voltage below 0.6 V, the PAE"has seriouglguctions, whereas the PAE reduces
when the output power becomes comparable to thet ippwer. Due to the targeted output
power reduced from 16 dBm to 12 dBm, the maximunER&reduced to 16.6%. The output
power and power gain versus the input power aeralsorted in Figur&.16 The PA has the
output power of 12 dBm and power gain of 6 dB vethinput driving power of 6dBm. When
the input driving power is above 7dBm, the poweingz the PA is degraded to 5dBhe
result of the output power versus frequency is shawFigure5.17. The output power is
above 12 dBm in the 2.3 GHz to 2.8 GHz frequenaydbdeading the power amplifier to

operate in a wide frequency band. The maximum RAfRis wide frequency band is 23.5%.

50



5.2 CASCODE CLASS E PA WITH SELF-BIASED CONTROL CIRCUIT DESIGN

=T

Figure 5.12  Chip photo-of Class E amplifier withf4gased control circuit.
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Figure 5.13  PA measurement setup.
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Figure 5.14 Measured results of the AM-AM and AM-itortion.
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5.3 SUMMARY

The design proposed here shows that the AM-AMAAPM distortion of the cascode
Class-E PA has been compensated by a self-biasgtblcaoircuit without dissipating more
power. However, because of the concern of an atlovwerent capacity on the top metal layer,
the aspect sizes of the transistors for efficieptymization are difficult to achieve. Therefore,
the equivalent series resistances of the transaasélarge when the transistor is on, so that the
reduction on the drain voltage waveform and thewaupower. Due to the reduction of the

output power, the efficiency of the amplifier isalreduced.

5.2.4 Summary

A cascode Class E amplifier with AM-AM and AM-PMropensation has been implemented
in CMOS technology process. The proposed compamsdgchnique is realized by the
internal auto-biasing control circuit.:'The: measunesults have demonstrated that the
proposed compensation technique can effectivelyrorg the AM-AM and AM-PM

distortion of the Class E amplifier.

5.3 Summary

Designs of the Class E PA and the Class E PA weéli-sased control circuit are
implemented in CMOS 0.18m technology process. All of measured results stiwat the
AM-AM and AM-PM distortion is improved as the Cla& has been compensated by
proposed technique. The AM-AM and AM-PM charactarisurves are important that they
are a linear and a flat response to change in tipplg voltage, respectively, in polar
modulation. Furthermore, it is also to minimize tlegel of predistortion needed in polar
modulation. The results are summarized in Tdble The comparison result has also been

summarized in Tablg.2
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Table 5.1 Performance summary.

Simulation Measuremernt
Without 15 30°
Cascode class E compensation {0.5V — 1.8V) (0.4V — 1.8V)
PA With 2" 6"
compensation {0.5V —1.8V) (04V —1.8V)
Cascode class E PA with self-biased 3 5°
control circuit 0.5V - 18V) (0.7V — 1.8V)
Table 5:2 Comparison results.
P Freq.
Design rocess . Compensation Results
(nm) (GHz)
[42] 250 0.9 - -
[50] 130 1.7 - -
[61] 180 1.9 - -
18
51 65 2 -
[>1] (0.4V-1V)
[28] 130 2 Pre-distortion 12
(0.2V-1V)
Thi k 3
s wor 180 2.6 Self-biased
(simulated) (0.3v-1V)
Thi k 5
1S wor 180 26 Self-biased
(measured) (0.4V-1\V)




Chapter 6
RF/Baseband System Co-verification

The chapter presents the verification of AM-AM ahlll-PM distortion in the system level.
The co-verification platform is addressed in Setdl. The comparison results are described
in Section6.2

6.1 RF/Baseband Co-verification Platform

An EER system co-simulation were performed in ADSKMy using an IEEE 802.11a
OFDM-based waveform (36 Mbits/s, 52 -carriers, 16MQAmodulation scheme and
modulation bandwidth=20 MHz) up-converted to 2.6ZFkquency band and the simulation
platform of an EER is shown in Figufel In the platform, all of system blocks are ideal
equation-based components, except the Class-E pawplifier. In the transmitter part, the
modulation signal is up-converted and then amplifierough an EER transmitter. In the
receiver part, the received signal is down-convkated demodulated by a signal demodulator.
The EVM and constellation performances can be ewatlby sink components such as Error
Vector Magnitude Measurement. Furthermore, the HERsmitter shown in Figuré.2
consists of a delay cell, an envelope detectamier, an envelope amplifier and the Class E
power amplifier. The power amplifier is driven blget voltage of approximately 1.2 V
peak-to-peak swing. The compensated delay misnitadtiveen the envelope path and the
phase path is estimated by 2.8 ns for 40 dBc IMidefmodulation distortion) [65]. The
histogram of envelope voltage in Fige shows that 93% of envelope voltages are in the
range from 0.5 V to 1.8 V with a mean voltage of.1t was obtained by adjusting the gain
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6.1 RF/BASEBAND CO-VERIFICATION PLATFORM

of the envelope amplifier.
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Figure 6.1 The system co-verification platform.
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6.2 CO-VERIFICATION RESULTS

6.2 Co-verification Results

Designs of the Class-E with and without compensaltiave been simulated, respectively, in
the EER co-simulation platform. The simulated ressolf received constellation have been
shown in Figures.4. For the PA without compensation, the receivedstallation shown in
Figure6.4(a)reveals that the PA distortion causes the recesymabol to move closer to an
additional constellation point than the one trantadi and therefore the EVM is -17dB, -19
dB for system specification. For the PA with comgegion, the received constellation shown
in Figure6.4(b)is closer to the transmitted constellation poimd &éherefore the EVM is -19.2
dB. Furthermore, for the signal source with 64-QANbdulation scheme, the PA with
compensation can also improve the system EVM frdindB to -25.1 dB. All of results have
been summarized on Tabtl It shows that the proposed methodology can e¥elgt

compensate the AM-AM and AM-PM.distortion of thea€$ E power amplifiers.

I genary
Imaginary

Figure 6.4 received constellations (a) PA withaunhpensation, and (b) PA with

compensation.
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6.3 SUMMARY

Table 6.1 Performance summary.

Modulation Scheme
AM-AM AM-PM

16-QAM 64-QAM

i 1.4V/V 157 17°/V
Wlthout. 1S .17 dB 21 dB
compensation 0.5V - 1.8V) 0.3V-18V)
i 1.2V/V 27 3%V

With o -19.2 dB 251dB

compensation 0.5V - 1.8V) 0.3V-18V)

6.3 Summary

The influence of the AM-AM and-AM-PM- characteristim system performance has been
discussed in this chapter. A system platform of BfR OFDM-based signal is constructed
to demonstrate the PA distortion effect-on EVM parfance. When the PA distortion is
compensated, the system EVM of an EER with the OHi2lged signal has been improved
from -17 dB to -19.2 dB for 16-QAM modulation schenfrom -21 dB to -25.1 dB for

64-QAM modulation scheme.
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Chapter 7

Efficiency Enhancement with Suspended
Inductor

The internal inductors have the advantages of lost @nd saving area for manufacturing.
However, the low quality factor of internal:indudaresults in large resistive losses so that
the PA efficiency is degraded. In the chapter, wesented a developed CMOS MEMS
process and multi-metal layer suspended inductomnprove the quality factor of inductors
for increasing the PA efficiency. In . Secti@nl, the efficiency analysis of power amplifiers
has been presented, in which the impact of lowityu#dctor of inductors on efficiency is
introduced. SectiofT.2 describes the flow of CMOS MEMS process and mukial layer
suspended inductors. The simulation performancehef Class E power amplifier with

multi-metal layer suspended inductors has beenrteghan Sectiory.3.

7.1 Efficiency Analysis

According to the well-known Class-E conditions teted by Sokal [53], inductors used in the
amplifiers are assumed ideal to have an infinitaligufactor (Q) so that the efficiency of
100% is achieved. However, a large inductance animh@uctor with high quality factor are
difficult to achieve in silicon substrate. Moreoydue to the low Q-value of internal inductors,
the PA has more power dissipations so that hasadagons on efficiency.

For considering inductors parasitic losses ofRAeshown in Figur&.3, we will refer to
the equivalent PA circuit reported in Figurel, where parasitic elements of inductors are
explicit and the PA’s on resistance is taken intocaint. When the device is on, power is
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7.1 EFFICIENCY ANALYSIS

dissipated through the conductive channel. A sifiggliexpression for the power loss due to

the finite device on resistance,)Rnormalized to the output power §B4Pout), can be

written as Equation7(1) [66]-[67].

Ploss  —135°m (7.1)
POUT Ron RL

We assume all the inductors having the same Qeyalet, the parasitic series resistance
iIs R« = woLx/Q for the two inductors J, Li. Considering resistors R, realize a voltage

divider, the power loss due tq Rormalized to the output power is given by Equafitg).

Poss) - R _awL (7.2)
I:)OUT R RL QR_

For the givenw,, L; and R, (PR.osdPoum)]R: can be minimized by increasing Q-value.

VDD
Lo lrmw)
ek !Lﬁ;} Cs L=lstl,  RERsHRy
] T wr
| +
Cam  Vuf6) é Re

Ror] i -

14(8) 1:(6)

i v

Figure 7.1 Schematic of basic Class-E amplifier \iflaivalent series resistances.
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7.1 EFFICIENCY ANALYSIS
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Figure 7.2 Drain efficiency versus Q-value of inttus Qx and Q.

If a dc current is assumed throughlthe calculation of its power loss contribution is
straightforward. The normalized power loss is thsen by

PLOSS| - Poc ~Four ~ 0.577Ld0, Loy
Pour ‘R:k Pout QR

(7.3)

where B¢ is the power supplied. It also shows thato@dPout)|Rek can be minimized by
increasing Q-value.

According to Equations7(1)-(7.3), the calculated efficiency of power amplifiersrdae
expressed ag=1/(1+>; (P.osdPoun|). To validate the above analysis, the parameteregalu
on Table 2.2) are introduced: &= 5Q, Li= 2.6 nH and k= 2 nH. The result of calculated
efficiency versus the Q-value ofland L has been reported in Figure2 In Figure7.2, the
curves marked asfand Q denote the variable Q-value ofcland L, respectively, and the
curve marked as Qand Q means that the Q-value ofland L both are variable. According
to this analysis, the PA efficiency can be improwgdincreasing the Q-value of inductors.
Moreover, the increased Q-value of has significant contributions to the PA efficiency

Therefore, the inductors with higher Q-value coukel éxpected for improving the PA
efficiency.
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7.2 SUSPENDED INDUCTOR DESIGN

7.2 Suspended Inductor Design

7.2.1 CMOS MEMS Process

The fabrication for the suspended inductor is @mib any IC fabrication process. In this
process, etching technology for releasing the oxidl@ silicon substrate was performed. The
process flow has been shown in Figut@ The first step is to deposit the metal layer
(Hardmask), which is used to protect the top mitgér of the microstructure during the
etching step. The second step is to remove theedaiger by the anisotropic etching. After
removing the oxide layer, silicon substrate is asésl by an isotropic etching process. The
final step is to remove the Hardmask layer after pinevious processing steps have been
completed. After fabrication, the inductors will baspended by 40m from the top metal
layer to silicon substrate.

Figure 7.4 shows the photograph of fabricated suspended fodudt shows the
developed CMOS MEMS is allowed to fabricate CMO$®apatible suspended inductors.

Hardmask
s b
| [ | I N ;" ) —
[ Ms |
(1) (2)
v Hardmask
| I | L JMJLC ]
[ M5 |
(3) 4)

Figure 7.3 CMOS MEMS fabrication process.
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7.2 SUSPENDED INDUCTOR DESIGN

Top metal layer Silicon substrate

Figure 7.4 Fabricated suspended inductor photograph

7.2.2 HFSS Simulation Model

The micrograph of a single-metal layer suspendedadtor and its cross section view have
been shown in Figuré.5. This inductor has 7 turns of spiral coil on aisgension and gm
thick of the top metal layer. For perspective ofcgit design, an equivalent model of
suspended inductor is required. HFSS (high frequetmictural simulator) is a commercial
finite element method (FEM) solver for electromagmstructures. The FEM is a numerical
technique for finding approximate solutions of prdifferential equations (PDE). HFSS
uses 3-D FEM and 3-D boundary conditions. The soialels have been obtained from the
2-D layout. The measured and simulated resulthisfihductor are plotted in Figuie6. The
comparison result shows that HFSS has good predicn the characteristics of proposed
suspended inductors. Therefore, the equivalent huddrispended inductors can be extracted

from HFSS for requirements of circuit design.
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7.2 SUSPENDED INDUCTOR DESIGN
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Figure 7.5 Micrograph and cross section view ofghgpended inductor.
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Figure 7.6 Simulated and Measured results of tspemuded inductor.

7.2.3 Multi-Metal Layer Suspended Inductor

The suspended inductors can have an improved @\hla to the reduction of power losses
from the silicon substrate. However, it also mo#es resonant frequency of Q-value to
higher frequency band. In this literature, the lsta@lemetal layer topology of suspended

inductors has been proposed. When stacking twoooe meal layers, the thickened metal can
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7.2 SUSPENDED INDUCTOR DESIGN

not only reduce the resistive loss but also shi# tesonant frequency down to lower
frequency band to desired operating frequency. dtagpype of suspended inductor having
two-metal layer (M/Mg) and the three-metal layer (NMs/Mg) are performed and the
cross-section view is shown in Figue7. The metal layers for signal transmission are
stacked to optimize the Q-value and simulated tedy HFSS have been plotted in Figure
7.8. The result shows that the Q-value is increaseidtlam frequency of maximum Q-value is
also shifted to the higher frequency band by trepended structure. On the other hand, the
frequency of maximum Q-value can be shifted to tbeer frequency band by the
stacked-metal structure. Therefore, for lower @dekioperating frequency, the stacked-metal
layer suspended inductor effectively enhances thalQ@e for efficiency improvement. In
Figure 7.8, the slope of curve B4, is nearly the same as the slope of other curvesener,
the Q-value of curve M, at the dc frequency is different from others doehe different
shunt capacitance of inductors and the boundaiyitieh of simulator at the dc frequency.

For considering the impact .of .inductors on efficgnthe inductors having different
metal thickness are performed.-The simulated Qevalu2.6 GHz by HFSS is reported in
Figure 7.9. The inductor M(Si) with:20um metal width has a typical Q-value of 9.5 in
standard CMOS process. For single-metal layer sugzkinductor M, the Q-value is 9.7.
When the suspended inductor stacked the three aipthayers, the Q-value of 12 is achieved.
The inductors Lk with more stacked-metal layer have a degraded IQevdue to the skin

effect from the exceeding metal thickness.

o IS
=R
— M, —
~ Ms
-~ M,
-~ My

(a) (b)

Figure 7.7 Cross-section view of suspended inductor

(a) two-metal layer, (b) three-metal layer.
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7.2 SUSPENDED INDUCTOR DESIGN
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Figure 7.8 Q-value of CMOS inductor and suspendddadtor.
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Figure 7.9 The Q-value of inductors with differem¢tal thickness.
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7.3 SIMULATION RESULTS

7.3 Simulation Results

The dc-feed inductor and the inductor of outputahiatg network in Class E power amplifier
proposed in Chapter 3 is implemented with multi-ahéyer suspended inductors as shown
in Figure7.1Q0 The simulation model of suspended inductors e lwreated by HFSS. The
amplifier intends to demonstrate that the PA edficiy could effectively be enhanced with
auto-biasing technique and suspended inductorscaimparison of simulation results will be
reported as followings.

The dc current and output power of amplifiers platted in Figure7.11 The output
power has no change when proposed compensationiqeehand suspended inductors have
been performed. The dc current still has no changaly suspended inductors are performed.
Drain efficiency of the amplifiers versus the syppbltage has been plotted in Figurd.2 It
is apparently that the PA with the three-metalsf/M layer suspended inductors has the
maximum efficiency performance. When the auto-bigsiascode Class-E amplifier with the
three-metal layer (M) suspended inductors, the efficiency can have nieximum
improvement of the efficiency of 17% at the suppfy0.65 V. The result has demonstrated
that the Class-E power amplifier with proposed cengation technique and suspended

inductors effectively improves the power efficiency

DD=1.8V
SR B . :
r I |
V1u _.69 ' L
R /! Co  LitLotln :
i Vblas VGG 1€ :mF | VOUT
i 4{ M
! Ly [ M |
Vin | Cun ;;'2 500
¢ [ M |
! ' !
b |
|

Figure 7.10 Cascode Class-E PA with suspended foduc
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7.3 SIMULATION RESULTS

wi/i compensation technique
=t Si A Mg NS Mes
_ﬁ_ﬁ_ﬁ_ M654 @66 M6543 ><><>< M55432
w/o compensation technique
HE8 si Se5 M - Mes
AT Mgss 50— Masas 25524 Mesase
80 20

w/o compensation

_ e
< —
£ £
= technique - —0 T
E 40 . i o
= 10 @
o —
8] . - o
o 27 20 F
i R A T 30
0.0 0.3 0.6 09 1.2 1.5 1.8
Vop (V)

Figure 7.11  Comparison results of dc¢ current artgudypower versus supply voltage.
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Figure 7.12  Comparison results of drain efficiemeysus supply voltage.
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7.4 SUMMARY

74 Summary

The analysis for efficiency improvement of the CMQOss-E PA with suspended inductors
has been presented. A process which can fabrieatsuspended inductors is also introduced
in this work. Furthermore, for increasing Q-valube stacked-metal layer suspended
inductors have been presented. Prototypes of indudtave been designed to demonstrate
that the stacked-metal layer inductors in CMOS MEM&cess can reduce the substrate loss
and resistive loss for improving the Q-value ofuntbrs. It has shown that the PA efficiency
can be improved by the stacked-metal layer MEMSuatols and also provides a design
methodology for improving the PA efficiency by apizing the Q-value of fully integrated
inductors. Finally, with proposed compensation téghe and suspended inductors, the Class

E power amplifier can have the maximum efficienoh@&ncement.
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Chapter 8
Conclusions

The dissertation has presented the design of CM&8ode Class E power amplifier with
AM-AM and AM-PM compensation. The techniques présdnin earlier chapters have
enabled the implementation of a CMOS cascode (lagwwer amplifier in a 0.1&m
technology. To conclude, we briefly summarize tleg kontributions presented in precious
chapters.

8.1 Summary

The design methodology of conventional common s@lass E power amplifiers has been
described in Chaptet. For practical considerations of integration aatiability, the design
requirements of cascode Class E power amplifieh wmall dc-feed inductance have been
analyzed.

Chapter3 has presented a conventional cascode Class E @oa@ifier in CMOS 0.18
um technology. As cascode Class E power amplifiersupply modulation, the reason for
producing the envelope deviation and the phase atrthe RF output signal is described.
More detailed analyses including the current/vatagirves and impedance variations of
transistors are also introduced in this chapter.

A design technique, which modulates the gate badimge of the cascode transistor to
operate the transistor as a resistance, to comigettsa AM-AM and AM-PM distortion of
the cascode Class E amplifier has been presentetapterd. The efficiency performance of
the amplifier is also improved as the distortios baen compensated.
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8 CONCLUSIONS

The design of cascode Class E power amplifier @mgnted in CMOS 0.18m
technology has been presented in Chaptdrhe experimental results demonstrate the phase
shift of the output signal from 30° to 6° whemis 0.4 V to 1.8 V. The design of cascode
Class E power amplifier with self-biased contraicait implemented in CMOS 0.18m
technology demonstrates the Class E power ampliligh compensated AM-AM and
AM-PM distortion. The experimental result shows fiiase error reduced down to 5° agV
is swept from 0.7 V to 1.8 V. The output power & dBm from a 1.8 V supply. Drain
efficiency and PAE is18.7% and 16.6%, respectively.

For the RF/baseband co-verification, Chaptpresents the co-verification platform. The
case study of a 2.6 GHz EER transmitter with OFDédédal signal source has been presented
to demonstrate the feasibility of the AM-AM and ARM compensation.

A developed CMOS MEMS process and stacked meyal lsuspended inductors have
been presented in Chapteto demonstrate the improved PA efficiency duehi® increased
quality factor of internal inductors. The amplifieas the maximum efficiency improvement
of 17%.

8.2 Recommendationsfor Future Work

The determination of transistor size is constraibgdhe current density of internal inductors.
The optimization of MOS size and inductor Q-valusuld help to enhance the circuit
performance such as output power and efficiencgditition, it should be feasible to improve
the efficiency at high power level as the amplifielas compensated. Moreover, the
characteristic of AM-AM and AM-PM curves could betimized with the elimination of

process variations.
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Appendix A

Analysis of Ideal Class E PA with Finite
DC-Feed Inductor

One of the first attempts was made to study fididdeed inductor in [60]. Some other related
studies are included in [68]-[69]. All these restes have recommended that procedure of
obtaining final circuit component-values is eitl@ng, complex and iterative, and is difficult
to provide a direct insight into the circuit desigor is too simplistic and not exactly.
Practically, the design of the Class E PA with tBndc-feed inductor is a transcendent
problem from the mathematical point of view. Theref the designer needs to iteratively
figure out the systm of equations for a certainadehput parameters to gain the final circuit
component values. If any of the input parametech&nged, the calculation must be repeated
from the beginning. Thus, it is a tedious and ewrely impractical procedure. In [70] an
approach has been proposed to alleviate the profleensystem of transcendent equations is
numerically solved for a certain number of discrptents of an input parameter, and the
obtained results are interpolated by the Lagrarggnpmial. The polynomial interpolation
provides adequate accuracy and can be used fowvaog of the input parameter on that
segment, if it performs with enough density of peion the segment of interest. In other
words, it obtains clear and directly usable designations for the Class E power amplifier.
The well-known design equations have been mangdinterived in the literature, and

they are given by
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Y/

R=0.576822 (A1)
out

B=0.1836/R (A.2)

X =1152R (A.3)

where \bp and B are the supply voltage and the desired output pawspectively, and the
load resistance R, the shunt susceptance B aneitiessive reactance X. The equations are
based on thed is an RF choke with large inductance. But in cafsthe Class E amplifier
with finite dc-feed inductor, the equations dordldhanymore. At the beginning of the design
procedure, the designer could choose a value afctadce for the finite dc-feed inductor.

Therefore, the reactance of the inductor is knomsh@n be given by

Xge = by (A.4)

c

On the other hand, an ideal ‘Class-E amplifier i@ a 100% dc-to-RF efficiency.
Therefore, the dc resistance that the circuit priss® the supply source is also known from
the PA specifications, and is simply given as

Ric = ' (A5)

Depending on the value ofyfRqc, the circuit parameters R, B and X will changerthe
value from the given equations for the RF chokeetiaSlass E power amplifier. The three
parameters have calculated by numerically solvhmg ttanscendent circuit equations for a
number of different values of {Rq4c.. The results of these calculations are plotte#igure
A.l. In FigureA.l, the variations of the elements R, B and X istphbtas a function of
XddR4e. However, the plots are not continuous functioms they are discrete character.

In order to obtain explicit design equations fbe tClass E PA component values, the

Lagrange polynomial interpolation of the numerigatbtained results is used. Finally, the
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new equations for Class E power amplifier with téndc-feed inductor are presented in the

following equations.

If 1< X%d (=2) <5,

2
R= Voo (1.979-0.778%+0.1754z° — 0.013972%) (A.6)
out
B :%(1.229— 0.7171z+0.1881z° - 0.01672%°%) (A.7)
X =R(-1.202+1.591z - 0.4279° + 0.038947°) (A.8)
X
If 5< f/ =27) <20,
Rdc( )
2
R= Voo (0.9034- 0.04805+ 0.00281%° - 5.707(107° 2°) (A.9)
out
B= % (0.3467-0.0242% + 0.001426° - 2.893107° 2°) (A.10)
X =R(0.6784+ 0.00664%—0.003794° + 7.5871107° 2°) (A.11)
2
@ PRV, ----o Py, RN (RF choke)
. BR seve- BR (RF choke)
15} A XR  mmee- XIR (RF choke)
L]
| LAt Rt {reeeee JERRREREEY)
, i
I | S e........ [
0.5t . .
.......... u ..T
0 —k :
0 5 10 15 20
Xao/Ra

Figure A.1  Effect of the finite dc-feed inductaramethe Class E circuit elements.
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Design equationsA(6)-(A.11) are explicit, relatively simple and can be used dny

value of z=XJ/Rq4c Within the corresponding segment. But outside éah@sgments, they are

not valid.
The utilization of a finite dc-feed inductor hasseral major benefits. First, it results in a

higher load resistance in comparison to the cas@Fothoke. This effect makes the design of
low-loss matching networks easier, since the desitypically needs to transform a standard
50 Ohm termination to the load resistance of sév®tams. Furthermore, the excessive
inductance X is also lower, and the shunt suscept@his increased. This increase of the

shunt susceptance is particularly useful, as ierds$ the maximum frequency limitation of

the device imposed by its output capacitance.
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Appendix B

Common Source Class E PA with Stacked
Resistance

In this work, we present that when the cascodesistor is operated as a resistance alike, the
AM-AM and AM-PM distortion is improved. Thereforef the Class E amplifier the cascode
transistor replaced with a resistance has beenrshowigureB.1. With the same operating
conditions the simulation results of the .commonrselClass E with stacked resistance are
obtained. The simulated result compared with thdh® cascode Class E with compensation
is shown in FigurdB.2. It demonstrates that both of two amplifiers hge®d agreement on
the AM-AM and AM-PM characteristic. However, thesigance captures more voltage
headrooms so that the output power of the amplifedegraded as shown in FiguBe3.
There has a 3-dB reduction to the output power thedpower gain of the amplifier. Even
having smaller current consumptions as shown inréig.4, the efficiency is less than that of

the cascode Class E owing to the severely degraglgait power.

VDD
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Figure B.1 = Common source Class E with stackedteasis.
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