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Abstract

This thesis presents the design of a Power Ampl{f&) and envelope amplifier for an Envelope
Tracking (ET) system that is aimed at meeting emgrgadio standards in terms of power efficiency
and linearity. The class J mode of operation, dt agethe efficiency and power contours from load
pull was exploited to develop an adequate procedorethe design of a broadband and high
efficiency radio frequency PA. An in-depth studyshalso been conducted for a hybrid envelope
amplifier topology in order to optimize it for powefficiency through proper setting of its switcgin

stage supply. Two separate proof of concept prptstyof the PA and envelop amplifier were
designed, fabricated and tested. The PA designedable to achieve an average drain efficiency of
73.6%, average output power of 45.89dBm, and amageegain of 18dB between 650MHz and
1.050GHz (48% bandwidth). The envelope amplifidrieed close to 74.6% efficiency for a 5MHz

bandwidth LTE signal envelope with 6.4dB peak terage power ratio.
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Chapter 1

Introduction

1.1 Motivation

Wireless communication has become critical in dued. As its application becomes broader and
more diverse, the demand for higher bandwidthsesexs as well. This together with the scarcity of
wireless spectrum has led to the emergence ofdpghtral efficiency radio standards like Long Term
Evolution (LTE). It is now a challenge for the waes operators to accommodate the diversity of
these new emerging communication standards togethikrlegacy standards. Since current radio
systems are optimized for only a given standardcamdre frequency, the trivial solution is to use o
set up for each standard. This forces the opetataybtain and maintain a very broad product
spectrum [1]. The alternate method is to use nstiétrdard and multi-band transmitters which are
flexible, and can support standards with differesquirements of dynamic range, bandwidth, and
center frequency. This saves costs as well as poaresumption for the operator. This thesis will
focus on the RF front end. Specifically, a desgpresented aimed at improving the efficiency ef th
Power Amplifier (PA) for this multi-standard multeand transmitter. The PA is responsible for using
DC power to amplify a low power input signal to @amput with enough power required to drive the
antenna for long distance transmission. As the $£Anie of the largest consumers of power in the
transmitter system, any efficiency degradation \eifild to serious problems such as thermal issues,

compromised reliability, and higher operating costs

1.2 Challenges

For multi-band operation, the PA must be capablérofdband operation to support signals with
different centre frequencies and bandwidth. Howeobtaining good performance from the PA at a
wide range of frequencies comes with added comipdsxin its design. Meeting the requirements of
the different standards is another challenge ferrtew design. LTE, for example, uses Orthogonal
Frequency-Division Multiplexing (OFDM) to achievdagher bandwidth. However, the Peak to

Average Power Ratio (PAPR) of OFDM signals aredatban previous standards [2], placing stricter
demands on the Power Amplifier's (PA) linearity.iFlalso degrades its efficiency since traditional
PA designs obtain the highest efficiencies at marnoperating power only. In Figure 1.1, a class B
amplifier's efficiency versus output power is ptatt As output power is backed off by 10dB, we see

the efficiency drop by more than 53%.
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Figure 1.1 Class B efficiency versus output power

1.3 Potential solutions

For broadband operation of the PA, the introductibrthe class J design space has lessened the
requirement on the fundamental and harmonic tertioim& at the load, making matching across a
wide bandwidth easier to achieve. Efficiency enleament techniques at back-off power have also
been developed to make the deployment of high PaaRdards more realistic. The Doherty power
amplifier [4] and the Envelope Tracking (ET) systgi-12] are two popular efficiency enhancement
techniques that have been heavily investigateds Tiesis will focus on the development of the
envelope tracking system as it is not inherentlydvadth limited like the Doherty, and is therefare
more promising technology for multi-band and matandard operation. The two components that

make up the envelope tracking system will be depedoand improved independently in this thesis

with a focus on their efficiency.

1.4 Thesis organization

The thesis is organized as follows. First a revdvelassical PA design is done in chapter 2, with
discussions about their efficiency, power, gaird hmearity. Efficiency enhancement techniques are
also introduced. In chapter 3, the systematic desigethod used for the broadband PA is
documented, and in chapter 4, the design and gation of envelope amplifier is presented. Finally,

conclusion and future works is presented in chapter



Chapter 2

Efficiency Enhancement of Power Amplifier

PA is a critical part of every communication systéims responsible for bringing the input signtds

a power level suitable for transmission. It is atste of the biggest consumers of power in the
transmission system, so keeping the PA efficierdfigital importance. Different operation classes

and techniques have been utilized in PA desigribarpast. Some of the classic modes of operation
will be reviewed in this chapter. An idealized agjé controlled current source model for a Field

Effect Transistor (FET) will be used for analyskpwn in Figure 2.1.

Drain
|
l ds Gate —— Drain
+ +
‘ . Vds Vgs @ ilds=gm*Vgs
+ - -
Vgs Source
Source

Figure 2.1 FET transistor with its ideal model

The ideal transistor's gate source voltagé,{ versus the drain source currer()
characteristics are shown in Figure 2.2. In thedimregion, it is assumed that the transconductance
(gm) stays constant, angl increases linearly with,s. There is also an abrupt cutoff once the
transistor enters into the saturation or cutofforg. However, a more realistic model would notehav
a linear region that is perfectly linear, and thex&uld be a softer transition between the different
regions of operation. In this ideal model the kwedage Vynee), OF the turn on voltage will be

assumed to be zero. In reality, its value is ugumBignificant portion 0Vqsmax-
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Figure 2.2 Transistor's (a)lq4s versusVgg and (b) Igs vS. Vg

2.1 Classical operation modes of the PA

Before introducing the classical operation modethefPA, it is important to define the transistor's
conduction angle. The conduction angle definegptréon of the signal period when the transistor is
conducting current, or operating in the linear oegiThe gate bias of the transistor can be adjusied
that its conduction angle is equal to or less tB@@ degrees. For conduction angles less than 360
degrees, it is implied that the transistor is opegain cutoff for parts of the signal. This isuditrated
with a sine wave input plotted in Figure 2.3. Tieeswave is biased at the gate so that part of the

input voltage waveform goes below the thresholdags,V.. WhenV,s goes below; the transistor

is in cut-off operation.

Vsat —

Vgs

vt

Imax —

Ids

0~ —

«—>
Conduction angle

Figure 2.3 Vgs and Ids waveform illustrating condution angle
4



The classes of operation of an amplifier can b&eiftiated according to their conduction

angles. The bias point, quiescent current, and wtiiah angles for each class is given in Table 1,

assuming tha¥; = 0, and Vg, = 1.

Table 1. Class of Operation and Their Conduction Agles

Class of operation Bias point Quiescent Current Coduction Angle
A 0.5 0.5 Z
AB 0-05 0-0.5 n-271
B 0 0 T
C <0 0 O

The load lines for the different classes are drawhin Figure 2.4 with their biasing points.
The biasing point determines the conduction anglee lower the biasing point, the lower the
conduction angle. The load resistance, represemtetthe slope of the load line, is assumed to be

Ropt, Which is the resistance that enables the PA dolréts maximum power. It can be observed

thatRgpr decreases with the conduction angle as well.

?‘: \\ Biasing point
AN\,

£ AN

§ A\\B BN\ A

< A\

- NN |

0 0.5 1
* Vg (nomalized to Vgsmax)

Figure 2.4 Class A, AB, B and C load line

To get an idea about how the output current chawiiedifferent conduction angles, Fourier
analysis can be used to separate the output cumémtits DC, fundamental, and harmonics
components [3]. The current waveform will be anatyZrom -x to = radians for a cosine input. The

total conduction angle is representedubynd the RF current waveform can thus be written a



. _ o a 2.1
ig(6) = Iq + Ipeak cos(0) for — 3 <f< 5
and
i (04 (04 2.2
ig® =0 for—1T<9<—E, E<9<TC. '
The DC component of the output current will be
1 (%2 1 e 2.3
Ipc = E-f—(x/z(lq + Ipeak €0s(0))d 6 = E(Iqa + 2lpeax Sin (E ))
and the nth harmonics are given by
1 /2 2.4
I, = —j (lq + Ipeak cos(6)) cos(nd) d 0
T —-a/2
with the amplitude of the first harmonic being
2y 1 . a o 2.5
I, = p I sin (E) + P Ipeak (cx + 2 sin (E) cos (E))

In order to express this equation as a functiothefconductance angle, the relationship between the
quiescent current and the peak current can be uUdeely can be written as a function of the

conduction angle and the maximum current given by

[ 2.6
1 —_ cos(a)
Ipeak
where
Ipeak = Imax — Ig- 2.7

The DC, fundamental, and harmonic currents ardgquldn Figure 2.5. The DC component and the
fundamental component will be the focus of latealgsis on efficiency and power. However, it is
important to realize that different classes wilbguce different harmonic components. So properly
designed matching networks with proper harmonimieation in the output matching network is

essential.
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Figure 2.5 Current waveforms vs. conduction angleReproduced from [3])

Now that the classical classes of operation fer B has been briefly introduced, we can
take a look at the impact reduced conduction angiishave on the amplifier's efficiency, gain,
power, and linearity. The following analysis oni@#ncy and power are done assuming that the
harmonics are properly dealt with at the load fer different classes, and the optimal load impeelanc

for maximum voltage swing is chosen.

2.1.1 Efficiency

One way to define the efficiency of the power affigaliis by its drain efficiency (DE). This is the
ratio of RF output to DC input power at the drafritee transistor. The power added efficiency (PAE)
on the other hand takes into consideration thetippwer as well. If the gain of the PA was low,rthe

PAE will be significantly smaller than DE. Theirg®ssions are given as

Py PAE = P — Pin. 2.8

DE = —,
Pdc Pdc

The drain efficiency will be looked at in this sects analysis. The drain efficiency for max power,

whenVimax = Vge €an be found as



DE = i _ IlrmsVlrms _ O-SIlmaxvlmax _ 0-511max 2.9

l)dc Vdcldc Vdcldcmax Idcmax

The drain efficiency of the amplifier versus chamggconduction angle is plotted in Figure 2.6. The
efficiency increases with a decreasing conductiagiea The lowest efficiency is class A, with 360
degrees conduction angle, and maximum 50% operafiiggency. Class C amplifier achieves the
highest efficiency with the lowest conduction andlbese results are not surprising considering the
current curves in Figure 2.5. The drain efficienfyhe amplifier is determined by how small the DC
part of the output current is in comparison to filnedamental current. Looking at the trend for these
two currents, the DC component of the output curadmays decreases with conduction angle, while
the fundamental component of the output currentadigt increases (during class AB operation) for a

period before dropping with the conduction angéeding to higher efficiencies.

100

ClaSS B Class A
i Class AB i

»
|

v

O

Efficiency (%)

Ba

B0

T

5':' 1 1 1 1 1
50 100 150 200 250

Conduction Angle (degrees)

1
300 350"

Figure 2.6 Drain efficiency vs. conduction Angle

Next we want to look at how drain efficiency chamnge back-off operation for each class of
operation. Efficiency at back off operation canfband by varying the value dfc.x, and then

looking at the change in fundamental RF and DC powesuming that the load stays constant at

V . - .
R, = Ropr = ﬁ drain efficiency is



2 Vac
g = P LmsVims _ 0.51,2R, 0Pl = 0.51,2

B Pdc B Vdcldc B Ichdc B Ichdc B Idcllmax. 2.10

Recall from equation 2.5 thitis a function of the conduction angle. The conductangle stays
constant for class A and B biased amplifiers thhmug its entire operation att radians andt

respectively. For class Al is equal t@n radians wheiy, e,y < |lq|, anda stays constant at O for

class C wheilpeai < |Iq]- Whenl,eax > |I4|. class AB and C will both have conductance antjlas

are a function of input drive given in equation.2.6

The efficiencies at back-off power are plotted igufe 2.7 for different biases. First thing to
note is that none of the classical class of opmmanaintains its efficiency at back off. In geneeds
the conduction angle increases, so does the rathiel efficiency drops. Class A’s efficiency drops
the quickest at higher power, while class C andscB drops at much slower rates for most of the
output power range. For example, class B’s efficjeahanges linearly with,q,x, while class A’'s

efficiency has a quadratic relationship wigh,y.

a0t
7ot
| Class C (15
§ ass C (150
=, G0
8 Class B
O
5 b
i Class AB (220)
a0
20
Class A
10
D 1 ]
25 20 A5 -10 5 i

output power normalized to maximum (dB)

Figure 2.7 Drain efficiency vs. output power



2.1.2 Fundamental RF Power

The change in fundamental power is looked at whginging conduction angle. This will give a better
idea of the power utilization factor (PUF), gaimddinearity of each class of operation. PUF is the
RF power delivered by a device in a given mode pdration in comparison to the power it would
have delivered in class A operation. It is plotiredrigure 2.8. Class AB’s maximum fundamental RF
output power is highest among the different clasGésss B gives the same output power as class A,

and class C’s output power decreases with conduatigle.

m
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o | ; ;
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(0] | |
© | |
O s | |
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Figure 2.8 Output Power vs. Conduction Angle

The change of fundamental output currents with imgrjundamental input voltage is plotted
in Figure 2.9, and its squared relationship istptbin Figure 2.10 to get a better sense of thpubut
power. A point worth noting is the linearity of éaclass of amplifier. Class A and class B will
operate with constant conduction angle throughsuback off. Class AB and class C’s conduction

angle will be a function of input voltage onicg, > |I,|. Differentiating the output fundamental

current with respect th,.,x, which is a function of the input voltage, resits

dl 1 .
dlpelak = P (cx + 2sin (%) cos (%)) 211
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When the conduction angle is constaﬁf}— is a constant, output current increases lineaitly the
peak

input voltage, leading to a linear input to outpotver relation. However, if conduction angle is not
constant through its operation, then the outputetuiris no longer just a linear function of thethp
voltage, leading to nonlinear input to output powadations. The gain is another thing to noticesher
Power gain will go down with conduction angle. Glas with the highest conduction angle has the

highest power gain, while class C, with the lowsstduction angle will have the lowest power gain.
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Figure 2.9 Fundamental Output current vs. Fundamenrdal Input voltage
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A short summary of the above analysis on efficiemayn, max power, and linearity is given
in table 2. By reducing the conduction angle of thensistor, efficiency is improved at both
maximum operating power, and most power back offivelver, sometimes the tradeoff is in the form
of linearity, gain or max power. One thing to keepnind is that these conclusions were made with
the assumption that the ideal model of the FETsistor is valid. For example, class B would be
considered a non-linear mode of operation if tlaagition between cut off and linear region of the

transistor was not assumed to be abrupt.

Table 2 Summary of the classes of operation

Class of operation | Efficiency Gain Max power Lineaity

A Poor Excellent Good Excellent
AB Satisfactory Good Excellent Satisfactory
B Good Satisfactory Good Excellent

C Excellent Poor Poor Poor

2.2 Back-off Efficiency Enhancement Techniques

One important observation from the last section thas the efficiency the power amplifier degrades
when the power is backed off from its maximum polrgt’s look at the drain efficiency of class B in

particular, given by

g 0oV 2.12
Ichdc

wherel; andly, for a conduction angle of are

2.13
11 = Elq + Elpeak'
1 1 2.14
Idc = Elq + Elpeak'
Dividing equation 2.13 by 2.14, and settiijg O for class B operation gives
L _m 2.16

lgc 2
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So the relationship between the fundamental ancudent is fixed no matter what the peak current

is. With that in mind, the drain efficiency at baaf# can be written as

B 0.50,V; n(Vl ) 217
Idcvdc 4 Vdc

In order to maintain the drain efficiency at itsximaum, the ratiq‘,/—1 should be maintained close to
dc

unity. V4. is the maximum output voltage swing possible atdhain, so the relationship implies that
in order to maintain efficiency, the amplifier tashave maximum voltage swing at all input voltage.
This ensures that the DC power is as small as lpessi comparison to the RF power. Two ways of

achieving this will be discussed next: Load modaflgtand drain modulation.

2.2.1 Load Modulation

Continuing with the analysis with class B operatibR;, stayed constant at back-off, thénwould
decrease linearly with the input RF voltage, andvidbthe amplifier's efficiency. However, iR}, is

varied at back-off power with respect to the inpaitage with the relationship

2V, V.
R = DC( i )) 2.18

Imax Vin max

thenV; can be manipulated to maintain operation effigjeft Figure 2.11, the load line for a class B
amplifier operating in back off is shown for a meisual illustration of this efficiency improvement
The load impedance is originally setRgpr, but this leads to losses as not all of the ptessibitage
swing is used. To remedy this, one can increasddad resistance. This causes the load line to
decrease its slope, and the output once againheamaximum possible voltage swing. However,
adjusting the load impedance toRjeto maintain efficiency at back off would resultamon-linear
amplifier. The Doherty Amplifier as an implementatiof load modulation has been able to avoid

this linearity problem through its design.

13
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Figure 2.11 Load modulation load line

2.2.2 The Doherty Amplifier

The Doherty Technique was proposed by William Hhé&ny in 1936 [4]. The Doherty configuration
can be represented with the following topology agdivalent schematic drawn in Figure 2.12. This
analysis has been presented before by Cripps [&.rain and auxiliary amplifiers are modeled as

controlled current sources 1 and 2 respectivelia Wit being the output voltage.

I, Z4 i1, Zs7 122>
— —r e
}
N4, Z+ i
Quarter wave I
Vin Main Amplifier

Vout @1 @2

+
Ropt2 < Vi1

Quarter wave _

Aucxiliary Amplifier
(a) (b)
Figure 2.12 (a) Simplified Doherty topology (b) wit equivalent schematic

The ideal current and voltage profile for a Doheatyplifier optimized for 6dB back-off
power is shown in Figure 2.13 for the main and karyi amplifiers.
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Figure 2.13 (a) Current and (b) voltage profile fora Doherty Amplifier [3]

The voltage and currents before and after the guavaive impedance transformer can be

related in the following relationships

VlTllT = Vlll 219
VitV 2.20
=72,
lithy

If Zt is set toRgpr, through these two equations, it can be workedtit
Vit = LLRopr- 2.21

Sincel, the current of the main amplifier, has a linedationship with the input voltage throughout
the amplifier's operating range, the output willimains its linearity for all of the input rangench
the problem of non-linearity faced by load modwatis avoided.

Assuming class B operation for both main and aarilamplifiers, efficiency of the Doherty
amplifier at back-off is calculated as follows. Wihthe input voltage is less th}e’\%ﬂ, the efficiency
of the whole Doherty amplifier is determined by thain amplifier. After the input increases above
Vm%, the overall efficiency of the system becomes maction of both the main and auxiliary
amplifier. Assuming that the auxiliary amplifier éso biased in class B, the drain efficiency & th

\% . .
“;a" is given by

Doherty amplifier for whenv;,, >
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DE(V,.) = v 2.22
e 2Vmax(3vin - Vmax).

Taking these two relationships, the ideal efficienarves for a Doherty amplifier is plotted in Figu

2.14, notice the characteristic efficiency peakispiit voltages o¥% andVy, .«

a0

Efficiency (%)

I 1 I I I I L I I
o 01 0.2 03 04 08 0B 07 og 08 1

Vin
Figure 2.14 Ideal Doherty efficiency plot

In the classical Doherty design, the optimal efficiy point at back-off is around 6dB. For
optimal operation with signals of different PAPRymmetric Doherty amplifiers [5], and multistage
Doherty amplifiers [6] have been designed to imprthwe efficiency of signals operating lower than

6dB back-off power. However, one of the inheremhyems of Doherty technique is the use of the
guarter wave transformer, which limits its broadbaapabilities.

2.2.3 Drain Modulation

In the previous sub section, load modulation tempies were briefly looked at as a method used to
maintain efficiency in power back-off operation. Alternate way to operate efficiently at back-eff i

to modulate the drain bias of the transistor. Retted relationship given in equation 2.17. By

decreasing the drain bislgp asV, decreases the same effect can be achieved. Oneaiatain-

dc
at a factor of one if

V];D = de = Vl 2.23
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A more visual picture of this can be obtained fraoad line analysis. In Figure 2.15, the load line
for a class B amplifier operating in back off i@pented. Once again we see that it is not usirthell
possible voltage swing at the output. If the wHobel line is shifted to the left by changivigp to be
equal to output voltage swing, then the whole voltage swing will be utilized,dagefficiency

maintained.

0 A
05 4

Vg (nomalized to Vegmax)

lgs (nomalized to lgsmax)

Figure 2.15 Drain modulation load line

Two popular techniques for drain modulation will oked at, including the envelope
elimination and restoration technique (EER) andeiheelope tracking technique (ET). Both methods

significantly improve the amplifier’'s efficiency back-off.

2.2.4 Envelope Elimination and Restoration

EER was developed by Khan [7] in 1952. The systenptoposed used an efficient but non linear
class C amplifier to amplify a limited signal witinly phase information. The signal envelope is

detected at the input, amplified, and then modsltite amplified phase only signal at the output,

17



producing an amplified copy of the input signaleTillowing is a typical simplified schematic for

EER systems

Amplitude Detector

Amplitude

Envelope Amplifier

Output

> Limiter Delay
Input

Switching PA

Figure 2.16 EER system [8]

In modern implementations, the magnitude and plaseponents are generated in the
baseband domain and up-converted to RF [8]. Thepnbaseband signg,s. (t) can be written in

its vector form as

Sbase(t) = I(t) + ]Q(t) = A(t)(l)(t) 2.24
where

Q(t)) 2.25

AD =TT Q7 o = e e=nliv),

The nonlinear transformation for both the amplitugled phase signals increases the required
bandwidth on the amplifier. The linearity of the EEmplifier does not depend upon on the RF
transistor, but rather the envelope amplifier'stérbandwidth, and the delay between the phase and
amplitude signals when they combine [9]. Thesectstequirements on bandwidth and alignment
have confined the EER system to be more suitabledorowband signals. Another drawback of EER

is its power leakage at low power, making it uretli¢ for signals with high dynamic range.

2.2.5 Envelope Tracking

ET method is similar to EER in the sense that tlaendof the PA tries to follow the output envelope
signal. However, the accuracy, or linearity of trecking is relaxed because the input to the ghte o

the transistor still contains amplitude informatidrhe linearity of the output signal is now more
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dependent on the linearity of the PA rather thandhvelope amplifier. It has been shown that ET
systems are less sensitive to path mismatch bettheesnvelope signal and the RF signal at the drain
and gate of the power transistor [10], but this esmwith a tradeoff in efficiency. A simplified

schematic of the ET system is given in Figure 2.17

Amplitude Detector

Amplitude
Envelope Amplifier

Output

> Delay >
Input Amplitude and phase

Linear PA

Figure 2.17 ET system [8]

With the relaxed requirements on the drain modutatthe envelope signal can be shaped
and altered. This can lead to a few advantagesb@hdwidth and dynamic range of the envelope can
be reduced to lessen the requirements on the eevalmplifier. Secondly, shaping the envelope can
also work to avoid the non-linear knee region oé thower transistor, as well as track the
Intermodulation Distortion (IMD) sweet spot for tetlinearity [11].

In both the ET and EER technique, the performaricthe envelope amplifier is critical to

overall efficiency since
Noverall = TNIPATEA 2.26

Much research has been done to improve the eftigieof the envelope amplifier, while still
maintaining an acceptable amount of signal fidelithie envelope tracking system has been a very
promising candidate for multi-standard, multi-bampkration, and has been demonstrated to work
with a wide variety of standards with different tenfrequencies [12]. This thesis will work on

further development of this technology.
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Chapter 3
Broadband Power Amplifier

In order to support signals with wide bandwidth adifferent centre frequencies, the PA should
achieve good RF performance across a broad freguange. A simplified PA is shown in Figure
3.1. The DC bias of the transistor and the inpdpwumatching networks are the important design
parameters for the PA. While the bias level deteemithe class of operation, as discussed in chapter
2, the matching networks matches th&36ad or source to the gate and drain of the tstmisiand
presents impedances at the fundamental and harsnéoricoptimal power or efficiency at all the

frequencies within the design bandwidth.

Drain Bias
Gate bias

Input Matching

Output Matching
RF out

Figure 3.1 Simplified schematic of a PA

3.1 Class J

Amplification of broadband signals with the clas$imodes of operation, such as class B, is hard to
achieve as they require harmonics to be propeytsti. Short terminations are usually narrowband
in nature, and presenting the short right at trendcould be impossible due to package parasitic.
Also, with a wide enough bandwidth, the second loaios of the lower bandwidth could be close to,
or within the design bandwidth itself. However, lwthe concept of class J operation and class B/J
design space [3], it is shown, in theory, that salvgolutions gave efficiency performances siniitar
that of a class B amplifier. These solutions angallg terminated with reactive components in the
fundamental load, and a phase shifted, highly ieastecond harmonic. This relieves the need for a
harmonic short at all frequencies, and lessensraéijgirement on the fundamental and harmonic

termination, making broadband matching more realj$8].
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3.2 Load and Source Pull

For every frequency within the design bandwidtler¢his a set of optimal impedance combination at
the load and source for either maximum efficiencypuatput power. One of the simplest ways to find
these impedances is through load and source gbilising this process, first the frequency of
operation, input drive as well as the biasing péintthe gate and drain are determined and set. The
source and load impedance are then varied, angettiermance of the device under test is measured.
From these measurements, a combination of impedeaalaes for acceptable power and maximum
efficiency can be found. The load and source pudcedure can be a tedious and time consuming
method. However, if accurate enough model of tladistor is provided, load and source pull
through simulation can save much time and energjleAt's Advanced Design Software (ADS) will
be used to carry out the load and source pull dd\& GaN HEMT transistor from Cree is used.
Transistor is biased for a drain quiescent curoéd00mA for class AB operation for its good power,
efficiency, as well as linearity performance. Whagpansive square-law characteristics in the
transistor’s turn on will degrade class B'’s lingarit will work to counter the compressive effects
class AB, making it a more linear class of opera{®]. Ideal DC blocks are used to keep the DC
from the RF source, and Ideal DC feed is used ép tke RF away from the DC source as shown in

Figure 3.2.

Drain Bias
Gate bias
Ideal RF choke L
Varying impedance
Ideal RF choke I
I [
Varying impedance Ideal DC block
!—\ \ \
Ideal DC block

Figure 3.2 Simplified Load and source pull set up

The impedances for optimal efficiency at three fiextpy points, 650MHz, 850MHz and
1050MHz were found to cover the targeted frequenacygie. The result of the load pull is efficiency
and power contours. Each contour goes throughhallimpedance points that present a particular
efficiency or power. Figure 3.3 shows the load-pedults for the two frequencies at the edgesf th
targeted band, 650MHz and 1050MHz. The chosen apfimpedances are represented by a black

dot on the Figure
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PAE contour (2% steps)

Power delivered (1 dB steps)

The arrows are in the direction of
decreasing Power delivered or PAE.

! 650MHzload pull, with 26dBm
power available at the source.

1050MHzload pull, with 28dBm
power available at the source.

Figure 3.3 Load pull contours

Load pull results show that there is a comprometgveen power and efficiency in the
selection of the matching impedance. In light @ timpedances were chosen so that first they met a
specific power level, or a specific power contdthien, the maximum efficiency possible for that
power level was found. This is a unique point. Tthpedance points were found up to the third
harmonic for the load and source side, and ligtadble 3 and 4 respectively. The harmonics are
given as reflection coefficients. The results @& khad and source pull are shown in table 5. Ayfair

consistent output power was achieved, as well esliext efficiencies.

Table 3 Optimal load impedance

Frequency 650 MHz 850 MHz 1050 MHz
Fundamental impedance 7.085+j7.801 7.579+)7.24) 4028j5.715
2" harmonic reflection coefficient 0.99ej“% 0.996’jﬂ% 0.996’jﬂ%

3% harmonic reflection coefficient o_ggeiﬂ% o_ggeiﬂ% o_ggej“%

Table 4 Optimal source impedance

Frequency 650 MHz 850 MHz 1050 MHz
Fundamental impedance 1.282+j5.599 1.013+j3.48] 892%j1.566
2" harmonic reflection coefficient 0.99¢]™ o_9gei“% olggei“%

3% harmonic reflection coefficient 0.99¢/™ 0.99¢/ a0 0.99¢i 50
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Table 5 Power and efficiency gotten from load pulimpedances

Frequency Power (dBm) Efficiency (%)
650MHz 46.87 77.52
850MHz 46.55 87.71
1050MHz 46.69 85.05

3.3 Matching network design

The Simplified Real Frequency Technique (SRFT) waw be used to produce LC ladder elements
that will yield a good match to this set of optimaipedances [14]. SRFT will maximize the
Transducer Power Gain (TPG) of the matching netvesrla Figure of merit to minimize mismatch
across the design bandwidth. Higher TPG, and tberdietter matching, is more easily gotten if the
impedances have a smaller spread, and are clode tentre of the Smith chart. For this reasos, it
only applied to the fundamental matching, and hetharmonics. Another reason SRFT is not used
for harmonic matching is that they are not veryst#tere to mismatches. Figure 3.4 shows the load-
pull results at 1050 MHz where the second harmaniept reactive, with a reflection coefficient

magnitude of 0.99, and the reflection coefficiengla is swept from 0 to 360 degrees. The angle of

reflection coefficient for the third harmonic wased at 270 degrees during the sweep.

Figure 3.4 reflection coefficient angle versus drai efficiency for the second harmonic load

Efficiency (%)

an

40

0 & 100 150 200 250 300 380
Reflection coefficient angle (degrees)
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It shows that efficiency is insensitive to the ssttiarmonic matching as long as it is not closE3®
degrees. The third harmonic had similar behaviocept the efficiency drop around 180 degrees is
not as dramatic. The efficiency dropped only by 182490 degrees reflection coefficient angle for

the third harmonic. Load pulls at different freqaies showed similar behavior.

3.4 Matching network realization through stepped im pedances

The SRFT method outputs a LC matching network,eheand C values can be realized with micro
strip lines using the stepped impedance technitjtip This method uses alternating sections of very
high and very low characteristic impedance lindtedastepped-impedance, or hi-Z, low-Z filters.
They are comparatively easy to design, occupydpase compared to stubs, and has been proven to

be effective for broadband matching networks [T4le inductors and capacitors can be realized by

short transmission lines, whefpé < g with the following electrical lengths

LR,

CZ
Be = B{)__l 3.1

Zp " Ro

whereZ, andZ; are the high and low impedance transmission liRgss the filter impedancé? is
the electrical length and the L and C are the nbzeth element values of the low-pass filter. With
this we can implement the LC network given by SR¥#th micro strip lines of the correct length and

width for each section.

Z
L1 L3 Zn "

Figure 3.5 Stepped impedance implementation of LCatwork

3.5 Biasing
The DC bias for both the gate and the drain needstisolated from the RF path so that the DC

sources and the coupling capacitors will not shattthe RF signals. During load and source pudl thi
was realized with an idea RF choke. This can béstieally implemented using quarter wave
24



transmission lines. The quarter wave transmissianwill present an open circuit to the fundamental
as well as odd order frequency components. Howedeereven harmonics, the same length of
transmission line will appear as a half wave traasin line. So for even harmonics the biasing line
will present a short circuit termination. This che used to tune the even harmonics, namely the

second harmonic in the matching network.

3.6 Stability

The stability of the amplifier can be analyzed gsgtability circles. Stability circles mark out the
range of reflection coefficients looking towardse teource impedance and reflection coefficient
looking towards the load impedance that will givenagnitude of reflection coefficient looking into
the PA at the source and load a value greater ¢ohan[15]. This range of values can produce a
potentially unstable circuit due to the implicatittrat there are negative real impedances at the inp

or output, and should be avoided.

3.7 Optimization

The LC network obtained from the SRFT technique imdealization through stepped impedances
will have unavoidable mismatches due to the lirttet of a physically realizable network. So it is
important to adjust them during optimization for>imaum efficiency and adequate power. The
optimization proposed here tries to consider thapshof the load-pull efficiency contours. The

efficiency and power contours are often shapedthikeintersection of two circles with different riad

as explained in [3] [16]. For an output power leveP = %, with Py, being the maximum power

level, there exist two possible load valu};-:f’pét (RLo) andpRgp¢ (Ryy), that produce the same power

with reduced voltage swing, or current swing refipely at the output. Series reactance can also be
added tR; o without affecting the fundamental output poweriluatcomplex magnitude &, is
achieved, while shunt susceptance can be addeg tontil a complex admittance magnitudeGaf;

is gotten. The shape of the constant power contbergfore follow the curve for constant resistance

and conductance of

R 1 3.2
R=-2' = .
p PRopt

The constant resistance and conductance circlesetis to forms the shape seen in the load and

source pulls. This is illustrated in Figure 3.6.
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Figure 3.6 Constant power contour for -3dB [3]

The contours are then transformed by the packagsitia to different areas of the Smith
chart for different frequencies. Because of thaumabf their shape, and the transformation by the
package parasitic, areas of clustered efficienayaros can emerge. At the same time, areas with
sparse efficiency or power contours take form.t$® important to avoid these highly sensitive area
For example, Figure 3.7 shows a matching networklaid on top of the efficiency and power
contours at 1050MHz. The black dot denotes the dapee of the matching network at 1050MHz
given directly by the SRFT technique. It can bengkat the impedance at 1050MHz is now placed in
an area of the Smith chart with dense efficiencgt@ors. Should the impedance change during
fabrication process or tuning process to the ki, efficiency of the PA would drop quickly as
predicted by the dense concentration of PAE costthere. To counter this, tuning was done to place
the impedances in a more insensitive area of th@hSamart. Mismatching below the optimal

efficiency can lead to better power, with lessadincy loss.

Sensitive region

PAE contour (1% steps)

Power delivered (1 dB steps)

The arrows are in the direction of
decreasing Power delivered or PAE.

Figure 3.7 SRFT LC matching network load impedancdor 1050MHz
26



As an illustration of this, Figure 3.8 shows thadiof tradeoffs face by a mismatch in each
direction. Contours give us a good way to visualieetrade offs of each mismatch. The broad band
matching network is different from narrow band nhértg because one cannot expect to match all the
frequency impedance points found through load amdgce pull, and when designing with the
mismatches, it is not just a matter of getting ettdo the optimal impedance. It is possible to be
closer to the optimal impedance, but still have dowfficiency and power. With the trade offs in

mind however, better design decisions can be maes \adjusting the broadband matching network.

Higher efficiency, Lower power

Slightly lower power

Same power
o Lower efficiency
Much lower efficiency

Lower efficiency, Higher power

Figure 3.8 Tradeoffs efficiency and power contourfor 1050MHz

3.8 Final matching

The final load and source matching network are shawFigure 3.9. The realized and optimal
impedances for 650 MHz, 850 MHz, and 1050 MHz do#ted for the source and the load, as well as
the realized harmonic impedances for the load nragahetwork. Few things should be noted about
the final matching network. All the fundamental maances have avoided the sensitive region. They
are either mismatched to the right of the optinmapedance (850MHz), or below the optimal
impedance (650MHz). The second and third harmom@® kept mostly reactive, on the edge of the
Smith chart, and they were tuned to be away frofd d8grees. For impedance matching at the
source, the resistance was purposely increaseifsooptimal value. This was in consideration of the

stability of the circuit at the price of very latlgain and efficiency deterioration.
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Figure 3.9 Realized and optimal load (a) and sourdepedances (b)
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3.9 Measurement results

The layout with the fabricated PA is shown in Fgg@c10. The input and output matching networks
were fabricated on Rogers RT6006 high frequencyriates with 75 mils thickness.

Figure 3.10. Layout and fabricated PA

DC power supplies were used to provide the drathgate biases. A vector signal generator
generated the continuous wave signal that was instts test at each frequency. The output power
was read by a power meter. The efficiency, gaird antput power can then be gotten. The
measurement results are compared with the simolagisults in Figure 3.11. From the measurement
results, an average drain efficiency of 73.61%aye output power of 45.89dBm, and an average
gain of 18.12dB was achieved between 650MHz an@Mb% (48.42% bandwidth).

measured

----- sirmulated

Drain efficiency (%),

1 1 1 1 1 1
B0 700 800 200 1000 1100
Frequency (MHz)

Figure 3.11 Measurement results vs. Simulation refis
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3.10 Performance with drain modulation

To get an idea of how this PA will perform in thevelope tracking system, the supply is manually
adjusted with a single frequency continuous wayeltirat 800MHz, and the resulting efficiency and
gain is plotted below in Figure 3.12. The envelap®lifier is assumed to be 100% efficient for this
test. Gain is noticed to decrease as the supptgg®igoes closer to the knee voltage of the tramsis
This is something that can be avoided with envekifaping, so that the drain supply no longer tracks
the envelope at lower values. The PAE of the PAegaabout 20% as the power is backed off by
13.5dB. Compare this with a 58.6% drop in PAE vaitlixed supply.

Expected ET PAE trajectory

[ R p— Gain
— PAE

60+
o
Z 50l
£
o
0]
& 40¢
= Linearly decreasing Vdd
-
(=]
o 301 . .
o Expected ET gain trajectory
E Linearly decreasing Vdd

D
(=]
T

—_
(o]
T

15 20 25 30 35 40 45
Qutput Power (dBm)

Figure 3.12 PA performance with varying drain bias

A LTE input signal is then simulated with the PAé€lenvelope is put through the PA with
an ideal envelope amplifier with no losses or riaedrity. The signal has a PAPR of 9dB, and a
bandwidth of 5MHz. The same input power was apptedhe PA with and without envelope
tracking. Here the envelope signal was just a lisealing of the input voltage with a 1V offset add

in. The results are given in table 6, and the imtst@aeous drain efficiencies are plotted in Figude33
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Table 6 PA performance with and without drain modulktion

Without envelope tracking With drain modulation
DE 20% 68.4%
EVM 3.591% 7.17%
Pout average 35dBm 34.9dBm
PAPR out 8.218dBm 9.85dBm
Gain 22.45dB 17.67dB
70 100
60— , 7
50;
nEs W
o o
20—
10;
0 ] ‘ | | ‘ l l ‘ l 0 T T ‘ T T ‘ T T T | T T T ‘ T T T
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 50
Pout (dBm) Pout (dBm)
(a) (b)

Figure 3.13 Drain efficiency without (a) and with p) drain modulation.

From this analysis, we can notice a few differebetwveen the PA’s performance with and

without drain modulation. First the gain was redli@gth drain modulation. This is expected since

the PA is operating close to saturation at all polsreels, and the gain of the PA drops as the drain

bias comes closer to the knee voltage. This behavas previously noticed in Figure 12. The Error

Vector Magnitude (EVM) also degrades with envelopeking. These shortcomings can be remedied

through envelope shaping, and signal pre-distottiahis beyond the scope of this thesis. The litenef

of drain modulation is its efficiency performande.improved greatly from a fixed supply as

expected. An improvement by almost 50% is achieWmte however, that these efficiencies and

results do not take into consideration the envebupelifier. Its design will be looked at in the hex

chapter.
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Chapter 4

Envelope Amplifier

As discussed in chapter 2, the efficiency of thee@pe amplifier is critical to the efficiency die
overall ET system. At the same time though, it $thooaintain an acceptable level of signal fidelity,
and have enough bandwidth to support the envelmpelsof the particular standard. While linear
regulators, such as the low-dropout regulator, ideexcellent linearity and bandwidth at its output
its poor efficiency at low power makes it unsuigalbbr high PAPR signals. Switching regulators
contrarily have excellent efficiency performancet limited bandwidth and poor signal fidelity [17].
The most popular topology is actually a hybrid afrgyl termed class K by its proposers [18]. The
topology was originally meant for improving the dldy of class D switching stage, but has since
been adapted for the envelope amplifier [19]. tbination of switching and linear amplifier makes

for a good tradeoff between bandwidth, linearitd afficiency.

4.1 Operating principles

Its simplified schematic is shown in Figure 4.1cdh be seen as comprising of a switching stage and
a linear stage. They work together in parallel vaithysteresis control scheme to deliver the eneelop

signal.

Switching stage s,

Switching

1

1

1

1

1

1

> X 1
’—‘ transistor 1
1

1

Llnear Stage Comparator SWItChlng Diode :
1

1

1

1

1

1

1

1

1

1

IR

____________ ! <

1! + -

Linear 1! Lswitch

Lo

RLoad I ClLoad

= PA drain

1

1

1

' Amplifier '}

; Vin + "

1 : 1 Vout

1 - L____Reense | ___ | ___________ s
1 . S
1

1

1

1

1

1

I f

1 =

! |

Figure 4.1. Simplified schematic for the hybrid enelope amplifier
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The switching stage will efficiently supply mostthe output power, since most of the power
in the envelope is at low frequencies, while timedir stage will have a much higher bandwidth, and
maintains the output signal integrity. TRg,q andC,;,,q4 here represent a simplified model of the
drain of the PA. This model of the PA assumes tihatenvelope amplifier closely tracks the output
envelope, and the value Rf,.,q is dependent on the power level. To get a bettea iof how the
linear stage and the switching stage works togetherwhole process can be roughly described with

two states.

During state 1, a signal is input into linear arfitiso that it starts to supply currentRg,q,
causing a voltage to form acrd®g,,s.. This turns on the switching transistor, and aenirstarts to
be drawn from the voltage sour¢g, ., into the load through inductag,,;., until all of the current

is now being supplied by the switching stage.

Once the current flowing throughi.ch beCOmes greater than the output current, the
amplifier goes into state 2 where the linear arigalivill start to sink current in order to maintahre
correct output voltage. This creates a negativéagel acrosB.,¢. that causes the comparator to
turn off, thus closing the switching transistor.eThurrent through.gyitcn NOW comes from the
switching diode, and starts to fall until it is bel the actual output current. This whole process is

repeated each period.
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Figure 4.2. Hybrid envelope amplifier topology's (astate 1 and (b) state 2
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In Figure 4.3, the current waveforms of the switghstage and the linear stage for a sine

wave is plotted. With state 1 and 2 operation nthidgt. The slew rate of the switching currents will
be given by

di_ v(® 4.1
dt L

wherev(t) is the voltage across the inductor. When the $ivitctransistor is turned on (state 1), the

switching stage current will rise at a ratezw. When the switching transistor is turned off

(state 2), the switching stage current will fallaatate ow. Vout(t) is assumed to be constant at

the average output voltage for both states. Becaiuhes assumption, the switching stage current ca
be seen as linearly increasing and decreasing.
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Figure 4.3. Current waveforms in the envelope amgiier
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4.2 Optimization of The inductor

When the inductance is changed, the slew rateeowitching current is affected. The rise and falls
rates will both change inversely. First the casemthe slew rate of the switching stage is reduced
will be looked at. To reduce the slew rate of tdtehing stage, the inductance value should be
increased. Taking the same sine wave, and a moalesklew rate, the currents are plotted again in
Figure 4.4. The switching current is now lookingrexand more like a DC current source. It is not
able to track much of the output current's AC comgrt, and more stress is put on the linear
amplifier to compensate for this discrepancy. Tikisiot desirable as the current coming from the
linear stage is much less efficient, so one woulthtwto minimize its contributions to the output

current.

output current
— — —gwitching stage current
""""" linear stage current

Current (A)

05+

1 | 1 1 | 1 | 1 | |
260 205 280 265 270 275 280 285 290 295 300
radians

Figure 4.4. Envelope amplifier currents for low swiching current slew rate

Note that for lower slew rates the switching fragmeof the switching stage is the same as
the frequency of the sine wave. However, once liwe gmte of the switching stage surpasses the slew
rate of the sine wave, the frequency of the swilglgtage increases as a function of both the slew

rate and the hysteresis of the comparator. Theesunvaveforms with a much faster switching
35



current slew rate are shown in Figure 4.5. The chiiiy stage is now able to follow the output

current wave forms more closely. The linear staglg bas to supply a small amount of current to

make up the difference between the switch and outptrents. This comes with an increase in

switching frequency. The switching transistor isvitarning on and off at a rate much faster than the
output sine wave. This can lead to an increaswittlsing losses.
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Figure 4.5. Envelope amplifier currents for high swtching current slew rate

The analysis of this tradeoff has been looked atMang et al [8]. They have classified its
operation in three cases shown in table 7. Durimg mart of their analysis, the inductance was darie
through the three distinct regions of operationamling the switching stage current's slew rate
(Isw_sr) and its value in relation to the output currersfew rate I, s ). They showed that for best
efficiency with a single tone input, a good stagtwalue for the inductance would be the matched
slew rate operation point. However, with the motkdasignal test, an inductor that was four times
larger than the matched slew rate inductance wahsgfound to give the highest efficiency, putting

the amplifier in large signal non-linear operatiegion.
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Table 7 Operation modes with different slew rates

Operation modes Condition Description

Small signal linear I sp < I, s | Switching stage provides most of DC and AC output
operation current, Linear stage filters out switching noise
Matched slew rate Iy s = Lsw sr

Large signal non- I sgp » Isy sp | Switching stage provides DC current, linear staiter$
linear operation out switching noise, and provides most of the AC

component of the signal

4.3 Optimizing the Hysteresis Value of the Comparat  or

The frequency of the switching stage will be a fiorcof the hysteresis value of the comparator once
the slew rate of the switching stage current ismigigher than the slew rate of the output current.
This is when the switching stage current followssely the actually output current. The switching
current will overshoot the output current by theocamt of hysteresis in the comparator, and the
amount of overshoot together with the slew rat¢heffall and rise determines the frequency of the

switching stage.
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Figure 4.6 Switching stage current with high slewates
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The smaller the hysteresis of the comparator,dbg dlifference between the switching stage
current and the output current, thus less streptaited on the linear stage to cancel the diffaxenc
However, we have gained this by increasing thechivig frequency of the switching stage. Because
of this trade off, there should be an optimal painhave the comparator hysteresis value. This type
of analysis has been used to improve the efficienicyow bandwidth signals [20]. They have
implemented a comparator with adjustable hystetesiptimize for the best efficiency during small

signal operation as described in table 7.

4.4 Optimizing the Switching Stage Supply Voltage
Generally, the switching stage supply voltagg,( uses the same supply as the linear amplifier, but
analysis will show that two major sources of Idsa# itould be reduced by having a different value fo

V.w- They are the conduction losses, and the switcloisges. So it is proposed in this work g}

be looked at as a new parameter of optimizatiaherhybrid topology.

4.4.1 Conduction Losses

Based on the conduction angle of the switchingsistar @), Stauth and Sanders [21] in their
analysis derived expressions for the optimum switglturrent as a function of the supply voltage,
average output voltage, and dynamic characterisifcthe envelope signal. Their work will be
expanded upon in this thesis. All the calculatiovib be done assuming an input in the form of
v(t) = vgc + Acos(wt). It will also be assumed that the switching stage constant DC current
source. This assumption is reasonable becausdethaae of the envelope current is usually much
greater than the slew rate of the switching stagehigh bandwidth signals. The switching cycle of
the switching stage can separated into two perfodsanalysis. The first period is from 0 d®
radians, and is the period when the switching tstmisis conducting. The second period gée® n
radians, and is the period when the switching tsémisis in cutoff operatianThe two periods are
illustrated with the current waveforms in Figur@.A\otice that only half a period is looked at doe

the symmetry in its behavior.
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Figure 4.7 Conductance angle

The class AB output stage utilized by the lineaget amplifier is comprised of an NPN
transistor that sources current to the output, aNP transistor that sinks current from the output

The simplified schematic of the class AB outpugsta shown in Figure 4.8.

+ VCC

Current sourcing

Vin ﬂ Vout
Current sinking

Figure 4.8. Simplified class AB output stage

_VCC

During the first period, when the switching tratiss conducting, the output current at the
load is higher than the average current suppliethbyswitching stage. So the NPN transistor has to
source current to the output in order to maintaiedrity. The conduction loss in the NPN transistor

during the first period is given by
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4.2
f (Vbp — Vgc — Acos0)(Acos 6 — Acos @) db,
T[RL

which is essentially the voltage across the NPNsistor multiplied by the current that it sources.

After integration it becomes

2

1 ) A sin2®
T[—RL (Vbp — V4c) SIn¢A+7(—¢ B ) —®Acos® (Vpp — Vgc) -

4.3

+ sin ®A? cos QD].

During the second period, the output current atdld is lower than the DC current supplied by the
switching stage, and the PNP transistor has to@intent to the output. The power loss during this

period is given by

4.4
f (Vge + Acos8)(Acos d — Acos 6)d6.
T[RL

It is essentially the voltage across the PNP tsamisimultiplied by the current that it sinks. After

integration it becomes

[VdCA sin® + (1 — ®)vy.Acos ® — sin @ cos P A? .. 5

1( N sin2<b)A2]
2\" 2 '

mRy,

If we add the losses for the two periods together,get the total conduction loss for the class AB

output stage over a period of the output signa¢ &kpression is given as
1 TA? 4.6
Pin(P) = R VppAsin® — VppAdcosd + Anvg.cosd — - )

If only the losses in the class AB output stageenansidered, then by differentiating equation 4.6
with respect to the conduction angle, we can fimel aptimal conduction angle for lowest loss with

the derivative

dP(d) 1 4.7
=5 = ﬁ( TAV4.Sin® + ®sin®AVpp).

If we set this derivative equal to zero, we findttthe optimatb is

40



\Y%
b =1'[£ 4.8

Vaa
This result is similar to that found by Stauth @whders [22]. The analysis will now continue
by looking at the conduction losses caused by compts in the switching stage, starting with the
loss of the switching inductor. While the ideal uistbr is lossless, realistic inductor will have &€ D

series resistor associated with it. Here the losstd the inductor can be estimated with

1 (" , 4.9
P (®) = v Ring(Acos® +v4.)~ d6
LJo

whereR;, 4 is the series resistance associated with the el inductor. It is squaring the average
current through the inductor, and multiplying itthvthe inductor’s series resistance. After intagrat

it becomes

1 4.10
P.(®) = FRind(A cos ® + vy.)2.
L

The loss through the switching diode is also relate the conduction angle. This diode is only
conducting when the switching transistor is offisTis the same as the period of time when the PNP

transistor is sinking current. The loss throughdiwele can be estimated by

T rcos DA + vy 4.11
Pp (@) = j (—R C) Vpiodedo,
91 L
which becomes
cos PA + vy 4.12
Po(@) = (1 = 0,) () Vojaqe
T[RL

after integration. The final significant conductitmss to consider is the conduction loss through th

Rps onOf the transistor. The average switching curreihiy flowing through the transistor when it

is turned on during the conduction angle, and pviliduce a loss of

61 (co SDA + vy, 4.13

2
R do,
TR, ) DS(ON)

Prps(®P) = f

0

which becomes

1 4.14
Prps(P) = WelRDS(ON) (Acos @ + v4.)?
L
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after integration. The losses can now be combingdther, and plotted to see what the optidnal
value is. The Matrix Laboratory (MATLAB) software used, as differentiating and solving all the
power loss equations by hand will be tedious. Thetiqular case wheRpgy) = 0.0850, Vpc =

12V, Vpioae = 0.56,R, = 15,Rjpq = 0.070, andA = 4V will be looked at. It is plotted in Figure 4.9.ddie
losses and inductor losses are shown to decreda$e imgreasing conduction angle, while the
conduction loss from the switching transistor iases with conduction angle. However, the
conduction loss from the AB output stage was thetrs@mnificant source of conduction loss in this
particular circuit. If the circuit components ompirt parameters were to change, the significance of
each loss will be changed as well. The loss froe AB output stage was minimal around a

conduction angle of 1.26 radians, while the totadduction loss was minimum around 1.36 radians.
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Figure 4.9 Conduction loss versus conduction angle

4.4.2 Actual Conduction Angle

After deriving the optimal conduction angle, thetuat conduction angled) produced by the
hysteresis control scheme should be found and cadpkirst a visual approach will be taken to get

an idea of how the slew rates relate to the comolueingle. In Figure 4.10, it is shown that whea th

switching current slew rates for risBx(ise) and fall SRai) are changed, the conduction angle and the

average current from the switching stage changks fbrces the linear stage to either sink more

current than source, or vice versa.
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Figure 4.10 Currents for two different slew rate s#ings

For a more rigorous approach, the actual conduetragie will be numerically derived from

the slew rates. The switching current and its ingourparameters are shown in Figure 4.11.
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Figure 4.11 Switching current
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The parameters can be related as

Ve Imax — laverage 4.15
SRfan = .
m—®
for the falling switching current, and
Vi Imax — laverage 4.16
SRyise = r]:se = o d

for the rising switching current. By dividing eqigat 4.16 by 4.15¢ is found to be directly related to
veayl, the voltage across the switching inductor whes stvitching transistor is off, andis., the

voltage across the switching inductor when thesistar is on as

e Ve 4.17

T Vfall + Vrise

Wherevy, is
Viall = Vde — Lsin<l> 4.18
fall dc (T[ _ q))
andvyse is
: 4.19
Vrise = Vsw — ESIH(I) — Vqc-
Substituting equations 4.18, and 4.19 into equatidii gives
A 4.20
® Vdc =) sin®
T A . A
T VSW - ESII’ICD - m sin®
which becomes
O vy 421

T _VSW

after simplification. Note that in order to maimtahis kind of relationshipg/sy, must not be lower
thanvy.. Also, recall from equation 4.8 that this is theiwm@atl conductance angle for the class AB
output stage. So the hysteresis control method Withthe same as the linear stage supply voltage

automatically gives the optimal conductance angdtfe least loss in the class AB output stage.
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4.4.3 Control of conductance angle

From the analysis done with the optimal and acteamlductance angle, it was concluded that the
envelope amplifier’s control system is not ablg@tovide the optimal conduction angle for the lowest
power loss. This makes some kind of control of demduction angle beneficial to the overall
efficiency of the system. In the last section, wgéed out the equation for actual conduction amngle
equation 4.21. One of the variable in that equatidrich is not set by the input signalVigy. This is

the supply of the switching stage, and it's a pa@mthat the designer can have some freedom with.
In Figure 4.12, the change in conduction anglelastgd against th¥&sy, value, and the conduction

angle eventually intersects the optimal conducgingle at around 27.7V for this particular setup.
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Figure 4.12 Actual and optimal conductance angle v¥gyw

4.4.4 Switching Losses

The second significant source of loss that caredaaed by the setting 8y is the switching losses
from the switching transistor. The switching staged is a buck converter, and the analysis of the
buck converter switching losses will be taken frarickson [22]. A simplified schematic of the buck
converter is shown in Figure 4.13. The diode istkdpal, and only the switching times of the

transistor are considered.
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Figure 4.13 Simplified buck converter

The transistor turn-off waveform of the switchirgrtsistor is plotted in Figure 4.14. The

switching transition time is assumed to be shothab| stays constant.
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Figure 4.14 Transistor turn-off transition for a buck converter, reproduced from [21]
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From ¢ to t;, the gate driver charges the transistor's gatrain capacitance. At time the
diode becomes forward biased, and the flow starts to shift from the diode to the transiskaom
t; to t, the gate driver discharges the transistor's gateotarce capacitance, thus turning off the
transistor. The total energy loss during the tufftansition can be found by integrating the

instantaneous power to get

. 1 422
Wose = | ips(Dvps(t) = EVSW1L(t2 — to)-

The turn on transition for the transistor will lefdthe same loss as the turn off transition, billthe
dependent upon the turn on time instead of turntiofé of the transistor. The average power loss

from the turn on and turn off transition behavioll e

1[0 1 ‘ 4.23
Poyw = T ips(Dvps(t) = EVSW1L(t0ff + ton)f.
s

Notice that the average power loss will be a furcof frequency, but it is also be a functiorvVey,
andiy,, with iy, a function oiVsyy,. For the output signai(t) = v4. + Acos(wt),
i = i (Acos (M) + vdc). 4.24
Ry Vsw
The loss cause by the output capacitance of thielsng transistor is another common source of loss.
During turn on, the energy storeddgs andC; of the diode are dissipated by the transistors thu

adding up to a loss of

1 4.25
PC = E (CD5+C])VSW2f

The important thing to realize from the switchimgdes analyzed so far is that they are a funcfion o
Vsw. The switching losses can now be estimated fomptrticular signal we are looking at versus

frequency. The time delays were gotten from thegtaget for the transistor used (ZXMN10AO09K
from ZETEK).

Table 8 Parameters for ZXMN10AO9K transistor

Parameter Value
Turn-on delay time 6.8ns
Rise time 5.3ns
Turn-off delay time 27.5ns
Fall time 12.3ns
Output capacitance 83pF

47



The capacitance of the diode used was 100pF. Baquat23 and 4.25 was solved and added
together withR;, = 15,v4. = 12,A = 4,f = 1MHz. To confirm this, SPICE models for the buck
converter transistor, diode, and inductor were usedDS software to plot out the relationship
between switching losses aigy,,. The loss across the switching transistor can dend by
multiplying the voltage across the transistor wita current through the transistor. This loss aldlo
include the conduction loss of the transistor a. Wlae delay times for calculations are adjusted s
that they fit well with simulated results. The cdfted and simulated switching losses are plotted i
Figure 4.15.

----- Calculated
Simulated

Losses (W)

Wew (W)
Figure 4.15 calculated versus simulation switchinfpsses

Note that there are other sources of switching tadsconsidered here. Including the extra
switching loss caused by the diode’s reverse ragosearge when the switching transistor turns on.
This can also lead to ringing with series parasifipacitances and inductances. However, the diode’s
reverse recovery charge can be reduced to a n@gl@mount by using a Schottky diode, which has a

very small reverse recovery time.

4.4.5 Combined losses

The conduction losses, as well as the switchingel®san now be combined to find a combined

power loss as

Pcombined = Psw + Pc + PLin + Pgiode + P + Prps- 4.26
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First the conduction, switching loss, and the coration of the two versuéyy, will be looked for a

cosine output(t) = 12 + 4 cos(2mft) wheref = 1MHz.
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Figure 4.16 Conduction and Switching losses versesi

While the conduction loss is minimum at one poihg switching loss decreases Wikl .
They combine together to reveal an optiWigl, (Vsy) of 22V for minimum loss. This result will be

confirmed through simulation as well as measuremehtmore detailed schematic of the envelope
amplifier is given in Figure 4.17.
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Figure 4.17 Envelope amplifier schematic
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The simulation was carried through using the AD$&ware. Simulation Program with
Integrated Circuit Emphasis (SPICE) models werel diseeach component, with the exception of the
gate drive, which is ideally modeled with a voltagtrolled voltage source with its expected delay
and parasitic. A proof of concept prototype of #revelope amplifier was fabricated using FR4
printed circuit board and discrete components. Hificiency results from simulation and
measurement of the fabricated envelope amplifieafoinput ofv(t) = 12 + 4 cos(2m(1MHz)t) are
plotted in Figure 4.18. The simulated values folloasely the measurement results. The efficiency
improved by 3.4% a¥5y was decreased from 30V to 20V. With a good agre¢nbetween
simulation and measurements, #ig, can then be analyzed versus amplitude, averageutout

voltage, and frequency.
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Figure 4.18 Efficiency versus switching stage suppl

4.4.6 Vg versus output signal amplitude

Vs for lowest loss is plotted versus the amplitudéhef output cosine wave in Figure 4.19. The line
traces the calculatédy,,, while the asterisk dots awg, values gotten from simulation. A good

correlation was noticed between the two, confirmdalgulation results.
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Figure 4.19Vgy, versus amplitude

The trend oWy, versus amplitude can be explained using the changenduction loss of
the AB output stage. Recall that this analysisdssimed reasonably the switching stage to be a DC
current source, while the linear stage suppliesesB@ and all of the AC output current. If the AC
component of the output signal is decreased, lesessswill be placed on the inefficient linear
amplifier. This leads to a reduction of conductioss, and the switching losses will become a more
significant part of the total power loss. This afleeans that it will have more of an effect\Gg,.

The total conduction loss and the total switchiogslare plotted in Figure 4.20 to prove this point.
Total conduction loss is shown to decreasing wittpot amplitude, while the switching stage losses
remain almost constants with output amplitude. e dutput amplitude decreases, the trend of the

combination of these two losses will become momidated by behavior of the switching loss.
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Figure 4.20 Total conduction losses (a), total switing losses (b) and the two combined (c)

versusVgy for different output amplitudes

The behavior of conduction and switching losses ba separated into two modes of
operation. Ad/gy is lowered, the combined switching and conductasses could behave in a way
where it first decreases and then increases, lgavipoint of minimum loss at the transition. The
transition point would determiné,. This type of behavior happens if the rate of @éase in total
conduction loss becomes greater than the ratearédse in total switching loss at lowigky, values.
This will be called mode 1 operation. The combitess could also continue to decrease Wiy
without increasing at lowéfsy, values. This happens when the rate of increasetéh conduction
loss is always lower than the rate of decreasetal switching loss. In this mode the overall trexid
the combined loss will be mostly determined by shatching losses. This type of loss behavior will
be called mode 2 operation. In mode 2 operaligy, would equaky., the minimumvVsy, allowed.

The two modes are summarized in table 9.

Table 9 Modes of loss behavior

Mode | Condition Vsw

1 Vs is determined by the point where the rate of iasesin conduction > Vde

losses equals the rate of decrease in switchirsg$os

2 Vsw is determined by the point of minimum switchingdes. Vdc

52



In Figure 4.20, when the amplitude is less than W4y is kept constant aty., and is
displaying mode 2 behavior. After the amplitude adove 1VVg,, starts to change, and is now
operating under mode 1. The efficiency gained wlianging from defaul,, to Vg, is plotted in

Figure 4.21. There are greater benefits for redpiy, when the amplitude is at a low value.

85- —
optirmal “ew X
— et | mm—— default “sw vt
o c
S D o
5 :
= 3°
2 o
= £ 4
T 3
LL £ 3}
=l &(:z
2 4 6 8 W% 2 3 4 5 8 7 8
AV) A (V)

4.21 Simulated efficiency of envelope amplifier veus amplitude under (a) default Vsw setting

and Vg, setting with the (b) efficiency improvements fromthis optimization

4.4.7 Vg versus average output voltage

Vsw versusvg is plotted in Figure 4.22. The line traces thecakatedVsy,, while the asterisk dots

areVgyy, values gotten from simulation. Again, a good datien was noticed between the two.
24 ¢

Vsw* (V)

8 10 12 14 16 18 20 22 24

Vdc (V)

Figure 4.22Vgy, versus output average voltage
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Oncevy, reaches 19Wgy,, dips down to follow the actua};. value. This is the point where
the losses go from mode 1 behavior into mode 2vdehal o confirm this change in operation mode,
the losses versigyy, is looked at in Figure 4.23 for thg. output values of 10, 15, and 20V. When
V4c IS equal to 10V, the change in conduction loskwatVsyy is high, and the combined loss is a
function of changes in both switching and condurctiosses. It is now under mode 1 operation.
However, for avy4. of 20V, the rate of increase in total conductiossl is small at lowsy, values,
and the combined loss is mostly determined by $witslosses. The circuit is now operating under

mode 2, where th¥, is equal torg..

5. 25
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1] _ ”
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= ©
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Figure 4.23 (a) Total conduction loss and (b) totadwitching losses and (c) the two combined

versusVgy for different output average voltages

The efficiency benefits of changing from defay, to Vg, versus average output voltage is
plotted in Figure 4.24. There is an almost constaptovement in efficiency with varying average

output voltage.

54



[fu]
=

[mi]
=

optimal sw
L default vew

o
[}

8 10 12 14 16 18 20 22 24

Vdc (V) Vdc (V)

Efficiency (%)

[y}
[}

Efficiency improvement (%)

4.24 Simulated efficiency of envelope amplifier veus average output voltage under (a) default

Vsw setting andVyg,, setting with the (b) efficiency improvements fronthis optimization

4.4.8 Optimal switching stage supply versus switch ing frequency

The switching losses in the switching stage arealily related to the switching frequency. An
increase in total switching loss makes it a morenidant determinant ofg,,, and since total
switching loss decreases wit,, V., will decrease with increasing switching frequenicy Figure
4.25, theVgyy, values gotten from simulation are plotted. Theawedr ofVg,, will go from mode 1
into mode 2 at around 2 to 2.5MHz for this partéeudircuit.

244

Mode 2

v

o) L L L L L )
05 1 15 2 25 3 35

Swithching frequency (MHz)

Figure 4.25Vg,, versus output switching frequency

The efficiency benefits of changing from defay, to Vs, versus switching frequency is plotted in
Figure 4.27. There are greater benefits for redpiy, when the switching frequency is at a high

value.
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4.26 Simulated efficiency of envelope amplifier vaus switching frequency under (a) default

Vsw setting andVyg,, setting with the (b) efficiency improvements fromthis optimization

The above analysis done for hd\, changes with amplitude, average output voltage, as

well as switching frequency suggests that theeelisiquevy,, for every type of input signal.

4.4.9 Modulated signal test

This technique of adjusting,, to its optimal value is also tried on a more alimodulated signal

to see if the same technique can be applied on lewedusignals. The envelope amplifier was tested
with the envelope of a 5MHz LTE signal at 6.4dBlpaff operation. The average output power was
41.5dB, and a gain of around 33dB was measured,Ass varied from 30V down to 16V we see

the efficiency improve by roughly 3.2% for a firedficiency of 74.6%.
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,;"\‘. reasuremant
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= 74.6%
> 74 e,
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B8 | T
B : ' '
15 20 25 30
Vsw (V)

Figure 4.27 Efficiency versud/,, for an LTE 5MHz signal
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

The goal of this work has been the development li-and multi-standard capable PA to meet the
needs of current and future radio standards whipgparting legacy standards. Envelope tracking as
an efficiency enhancement technique was choseitsftigh efficiency at back-off power as well as

its potential for broadband operation. Improvementsoth the design of the broadband PA and the

envelope amplifier for the ET system have been nfiadpower efficiency.

Realizable matching networks at the load of thedisior cannot achieve optimal impedances
at all frequencies for a broad frequency range.rdhell be unavoidable mismatches due to its
physical limitations. With this in mind, it is proped that by taking into consideration the shagke an
characteristics of the efficiency and power corgptine mismatches can be directed towards a less
sensitive region so that its effects on efficieacyl power are not as significant. This design netho
was proven through the design of a broad band pawwglifier with an average drain efficiency of
73.6%, average output power of 45.89dBm, and amageegain of 18dB between 650MHz and
1.050GHz (48% bandwidth).

For the envelope amplifier, the supply voltage tfur switching stage is looked at as a new
design parameter. Its effects on the conductiose®aind switching losses were analyzed to reveal an
optimal value that is a function of the circuit ganeters and the input signal. A test was also done
with a 6.4dB PAPR 5MHz LTE signal. The efficiencf the envelope amplifier showed a 3.2%
improvement as the switching stage supply was eiftom 30V to 16V, with a final efficiency of
74.6%. Analysis was done to see how the optimatchivig stage supply changes with the input
signal’'s amplitude, average voltage, and frequeR®&sults suggest that there is a different optimal
switching stage supply and efficiency benefits diifferent types of input signal. This efficiency
enhancement technique can be used in parallelothiter techniques developed in the past for better

overall envelope tracking efficiency.
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5.2 Future work

While the focus of progress up to now has beenhenefficiency of the ET system, future work
should be done to try to improve its linearity aslliwMany of the non-idealities in the transistor’s
behavior not taken into consideration here showddbsigned for in order to improve the PA’s
linearity. Another potential area of improvementtli® bandwidth of the envelope amplifier. To
support standards like LTE-A, the envelope amplifieist be capable of supporting up to 100MHz
RF bandwidth. Once the two critical parts of theeedope system has been completely developed.
The next step is the integration of the broadbaAdaRd the envelope amplifier into a complete
envelope tracking system, where design choices asithe envelope shaping function will have to be
investigated.
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