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Abstract

Class-E PAs present significant efficiency advantages over other PA topologies,
but are sensitive to load mismatch. Extreme cases of load mismatch can lead
to reliability issues.

In this work, a system for automatically compensating for load variations in
Class E PAs, to increase reliability aspects, was developed. This work extends
current research work by Ali Ghahremani.

A proof of concept demonstrator was built, using class-FE. PA chips that were
previously designed in the SHERPAS research project. To confirm the theory, a
measurement setup was developed where load mismatch was reliably set using
a PC-controlled antenna tuner setup. A PC-connected oscilloscope, with an
active differential probe, was be used to sense the peak drain voltage of the PA.
The obtained information was be processed by PC software (e.g. MATLAB) to
predict the amount of additional switch parallel capacitance required to com-
pensate the PA to operate under the present load mismatch. A PC-controlled
microcontroller allows capacitors aboard the Class E PA integrated circuit to
be switched in or out, providing improved load matching.

The results show increased safe area on the Smith chart as well as improved
efficiency, providing strong confidence in the validity of the theoretical work by
Ali Ghahremani.
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1 Introduction

RF power amplifiers (PAs) are an essential building block in modern wireless
communication systems. Because the PA’s power consumption generally repre-
sents a significant portion of total system power consumption, its efficiency is
an important parameter, especially in battery-powered equipment.

PAs operating in Class E present distinct efficiency advantages over other ampli-
fier classes, with 100% efficiency theoretically attainable with ideal components
[3]. However, due to their tuned nature, Class-E PA behavior is strongly influ-
enced by variations in load impedance [1].

Because the antenna impedance can generally not be well-controlled, especially
in portable applications, either a variable tuning network to match the antenna
to the PA or variable tuning of the PA itself is required to avoid conditions with
severe efficiency and reliability penalties.

In previous work [2], extensive Class-E PA theory was developed. This was
extended in [1] to investigate the possibility of (re-)tuning Class-E PAs to en-
hance their reliability. In this work, the application of this tuning is explored
and experiments are performed to confirm its validity.

1.1 Goals

The goal of this assignment is to develop an automatic PA-compensating system
that actively monitors and adjusts the behavior of a Class-E PA through tun-
ing. This is a valuable endeavor because it accommodates increased reliability
and efficiency, allowing more effective application of Class-E PAs in situations
where strong load variations may occur. The applied compensation is based on
extensive theoretical and practical work performed in [1], which is explored and
applied in this work to illustrate the effects of the automatic tuning system on
PA behavior.

Measurements will be done on the resulting system to confirm its functionality.
Finally, the implications will be discussed and suggestions for future work will
be made.
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2 Class-E PAs

In this section, the concept Class-E PAs is introduced. Some intuitive analysis
is performed on Class-E PA models with varying levels of simplification and the
PA parameters and their influences are discussed.

2.1 Basics of Class-E PAs

Class-E PAs are a class of switching PAs. In a single-ended configuration, as
treated in this work, they consist of a switch and two tuned networks, one
of which is the switch parallel tank and the other the series load tank. The
parallel network allows for ideally lossless energy storage while the series tank
filters the switch voltage waveform so that ideally energy is only transferred
at the fundamental of the driving frequency. The latter is important because
the intention is to transmit at the fundamental frequency: any overtone energy
into the load is effectively wasted and, in severe cases, may break transmission
regulations. It is for this reason that the efficiency of the PA is defined for the
fundamental power into the load rather than the total power.

A schematic representation of a single-ended Class-E PA (henceforth referred
to as Class-E PA) can be seen in Figure 1.

Vaa
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Figure 1: Schematic representation of a single-ended Class-E PA

L

2.2 Principle of operation

To investigate the principle of operation of the Class-E PA, some simplified
versions of the circuit are considered first. An ideal switch and ideal components
are assumed, unless mentioned otherwise.
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2.2.1 Unloaded case with single switching moment

When the switch is closed at ¢ = 0 until ¢ = ¢y and then opened and left open,
an undamped oscillation (around the steady-state point of V) can be seen on

the switch parallel capacitor. A schematic representation of the circuit is shown
in Figure 2.

Vaa

Figure 2: Schematic representation of unloaded single switching moment case, to represents
the moment the switch is opened

The energy in the system (assuming zero initial energy - I, (0) = 0A) is given
by the energy transferred into inductor while the switch is closed as-

o ALY/ (1)

It can be shown that the time-dependent capacitor voltage behavior after the
switch is opened is given by-

_ vy YadTon o (1L [2EL (L
Vol(t) = Vag+ msm(m(t to)) = Vaa+ C (m(t to)), (;)Z to

This shows that the oscillation amplitude is dependent on the inductor energy
and the parallel switch capacitance.

2.2.2 Unloaded case with periodic switching

The schematic representation is the same as given in Figure 2 but with periodic
switching at frequency fo.
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When the switch is periodically cycled with an on-time of T,,, energy is con-
tinually added to the inductor. Additionally, when the switch is turned on at a
moment where the capacitor voltage is non-zero, energy is lost as given by-

(3)

Where t,,, is the moment right before the switch is closed.

The energy added to the inductor is also dependent on the current at the switch
turn-on moment by-

_\\2
EL _ (%Ton +21L(ton)) L (4)

Giving an extra non-constant added energy per cycle of-

I3 (t,,)L

AEp = I1(t;,)VaaTon + LT (5)

The interplay of these energies gives rise to somewhat complex behavior. How-
ever, some conclusions can still be drawn.

The balance between energy added to the inductor during, and removed from the
capacitor at, the switch-on moment determines the capacitor voltage. Shifting
this balance changes the circuit behavior by varying the average system energy.
High energy gives rise to high maximum capacitor voltages and vice versa, so
energy should be kept low to avoid extreme maximum switch voltages.

It can be seen that changing the parallel tank resonant frequency alters the
voltage waveform phase at the switching moment. This relates directly to the
switching energy loss by a change of the capacitor voltage at the switch turn-on
moment. It should be noted that this also proportionally changes the oscillation
amplitude, indirectly for the inductor through the inductor energy and directly
for the capacitor.

Similarly, the energy loss per cycle can also be changed by modifying the switch-
ing moment along the voltage waveform, while simultaneously affecting the in-
ductor energy added each cycle.

Some waveforms to illustrate the discussed influences are shown in Figure 3
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Figure 3: The behavior of an unloaded Class-E PA with nominal design q=1.412 and d=1

2.2.3 Loaded case with periodic switching

for varying d and q

When the tuned load is introduced, the circuit behavior is further complicated.
This is caused by the addition or removal of current to the capacitor by the
load and the complicated start-up behavior. The former heavily modifies the
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oscillation waveform while the latter complicates intuitive analysis. The inter-
action between the load and switch tank allow the waveform to be shaped such
that zero voltage and zero slope can be achieved at the switching moment (ZVS
and ZSS). ZVS conditions allow (ideally) zero switching loss and ZSS conditions
minimize energy loss due to the switch transitioning through its linear region
by keeping the voltage low around the switching moment.

2.2.4 Some influences of non-ideal components

Previously, ideal components were considered. Here, some effects of the more
prominent component non-idealities are treated.

A non-ideal switch with finite on-resistance predominantly influences the energy
loss during the switch on-time and the added and maximum inductor energy
by limiting the steady-state on-current. Additionally, it complicates the switch
voltage behavior during on-time by not clamping it to 0V during the switch
on-state.

Similarly, a non ideal inductor with finite equivalent series resistance (ESR)
causes energy losses and limits steady-state on-current, together with the switch

Via
to Ron+REsr”

Capacitor ESR also causes resistive losses, but these are normally less significant
as the capacitor current is ideally harmonic only. Also, capacitor ESR tends to
be lower than inductor ESR.

A limited-Q load tank gives rise to energy loss at harmonic overtones, which
relates to some extent to finite ESR in the load tank capacitor and inductor,
which by themselves cause energy loss at the fundamental, as well. Additionally,
the assumption of a sinusoidal load current made in [1] and [2] will be violated.

2.3 Class-E subclasses

In [2], three subclasses of Class-E PAs are identified for the behavior of the
switch voltage waveform at the switching moment. For the so-called optimum
Class-E PA, the switch voltage reaches both ZVS and ZSS at the switching
moment. The former is related to efficiency because when switching at non-zero
voltage energy is lost as was given by Equation 3.

When this discharging occurs every switching moment, the energy loss is peri-
odic and can be expressed as power dissipation by-

CV2(t,,, CcvV2(t .
( swztch) fO _ ( swztch) wo (6)

Piigs =
diss 2 An
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The (level of) violation of ZVS and ZSS conditions are expressed in the param-
eters « and 3, respectively, as follows-

Vo (%) = aVyq (7)
wo
dVe (2
G (55) — v ®)

When ZVS conditions are violated while ZSS conditions are maintained, the
resulting Class-E PA is labeled as a variable-voltage Class-E, or Class-Eyy for
short. The voltage level at the switching moment normalized to Vg4 is expressed
as a.

Alternatively, when ZSS conditions are violated while ZVS conditions are main-
tained, the resulting Class-E PA is known as a variable-slope Class-E, or Class-
Ey g for short. The slope level at the switching moment normalized to wyVyg is
expressed in parameter as 3.

This work is concerned only with the optimal Class-E. However, some of the
discussed concepts can be extended to the other subclasses.

2.4 K-design set

In [2], Class-E PA behavior was examined mathematically and a design proce-
dure was formulated using a set of developed relations named the K-design set.
Values for the K set are found using a curve fit to allow easier computation.
The values in the design set are non-linearly dependent on PA parameters d,
q and m, which are the switching duty cycle, relative resonance frequency and
switch on resistance, respectively, given as-

; t<d
ga on,- 0 <wot <dm ()
off; dr < wot < 2dm
1
= — 10
1= Jic (10)
m = OJ()RonC (11)

The K-design set is shown in Table 1.
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Table 1: K-Design set

K =520 Kc=wRC Kyx=% Kp=Llu

2.5 Load mismatch

Because Class-E PAs employ tuned networks, their behavior is heavily influ-
enced by load conditions. Deviations from nominal (i.e. designed-for) load
conditions cause degradation in efficiency and, more problematically, variation
in maximum and minimum switch voltage and current. Large switch voltage
can cause breakdown events while large currents can cause thermal destruction,
both of which potentially damaging or destroying the switch, rendering the PA
inoperable. Reliability was discussed in more detail in [2].
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3 Class-E PA load effects

In this section, the effects of load variation on Class-E PAs is investigated fur-
ther. The main parameters of interest are maximum switch voltage, maximum
switch current and PA efficiency. The latter is defined as switch efficiency as-

n = Ppe
F)load

This efficiency differs from power added efficiency (PAE) in that the power
required to drive the switch is not taken into account.

The behavior of the Class-E PA is quite complex due to the combination of
two tuned tanks and the non-linear switching behavior. For this reason, the
PA behavior is investigated mathematically using the equations developed in
[1]. The results are presented in the form of contour plots to give a concise and
clear overview. The Smith chart is used to graphically present PA behavior, as
it contains all possible positive magnitude load impedances.

3.1 Contour plots

The PA investigated in this work was designed for ¢ = 1.412, d = 1, m = 0.05
and Vg = 1.2V. Nominal switch voltage and efficiency data for a load varying
across the Smith chart is shown in Figure 4.

(a) Maximum switch voltage contours (b) Efficiency contours

Figure 4: Class-E PA contours for qnom = 1.412, dpom = 1 and m = 0.05

It can be seen that a portion of the Smith chart shows sub-nominal (safe)
behavior. This shows that the PA reliability is only degraded in part of the
Smith chart. If the safe zone can be extended by tuning, the PA can be made
more rugged. The efficiency for nominal load can be seen to be part of a contour,
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i.e. high efficiency can be obtained for different loads on the contour. The
degradation of efficiency follows a similar trend to the increase of the maximum
switch voltage.

10
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4 Tuning methods

It was shown, using the Smith chart, that load variations strongly affect Class-
E PA behavior. To regain nominal or near-nominal behavior, the PA or load
must be (re-)tuned. This can be done in several ways, some more practical than
others.

In this section, different methods of tuning and their advantages and disadvan-
tages are discussed. Finally, a tuning method is chosen and its consequences on
PA behavior is shown graphically. Lastly a method for tuning the PA using the
chosen method is treated.

4.1 Load tuning

One available option is to tune the load back to nominal conditions. This can be
done by means of a controlled matching network. Higher levels of complexity
could increase the tuning range of the network, allowing it to cover a large
portion of the Smith chart.

A major drawback of this type of tuning is present in the fact that a different
type of network is required for different points on the Smith chart. Points on
the resistive line require pure voltage scaling (i.e. using a transformer), while
points of complex impedance require a complex compensating impedance (i.e.
shunt and series capacitance or series inductance and capacitance).

These previous points imply the need for a complicated and extensive tuning
network, increasing chip size. Besides this, the network would be complicated
to properly analyze and design and therefore be highly impractical.

4.2 PA tuning

An alternative option is present in tuning of the PA itself by changing either or
both the d and q parameters. Changing the drive frequency would also allow
some tuning of PA behavior but this is generally undesirable because the receiver
would have to track the variation in frequency.

The q parameter can be tuned independently of the load by variations in either
or both the parallel switch inductor and capacitor. Because inductors would
imply a scheme where the R,, of the switches add (e.g. a series string of
selectively short-circuited inductors), while for switched capacitance they are in
parallel (with a ratio due to the capacitor ratio), capacitance variation presents
the superior choice for tuning q. The concept of the implementation used in [1]
and this work is shown schematically in Figure 5

11
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Rload
T~ %

Figure 5: Schematic representation of single-ended Class-E PA with capacitor bank for
tuning of the q parameter

Vaa

The d parameter can be tuned by modifying the switching point. This can be
achieved by e.g. driving a high gain switch driver with a non-square wave (e.g. a

sinusoid or triangle waveform) and adding a DC offset to shift the switch trigger
level along the input waveform.

A potential downside of tuning with the d parameter is that the drive power

stays roughly constant while the load power changes, leading to degradation in
PAE for lower load power.

4.3 Tuning of the q parameter

When changing the parallel switch capacitance such that the q parameter is
lowered from the nominal condition, ¢ = 1.412, to the new condition, ¢ = 1.172,
the maximum switch voltage and efficiency contour plots in Figure 6 result.

(a) Maximum switch voltage contours

(b) Efficiency contours

Figure 6: Class-E PA contours for gnom = 1.412, dnom = 1, m = 0.05 and gnew = 1.172

It can be seen that the extreme voltage and current behavior contours have

12
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‘migrated’ towards the lefthand extreme (R = 092) of the Smith chart when
compared to Figure 4, while the efficiency contours have rotated. The portion
of the Smith chart with nominal and sub-nominal maximum switch voltage
behavior has increased.

The safe area of the PA has increased, showing that the PA is capable of with-
standing more extreme load mismatch in the tuned case than the nominal case.
Additionally, the extremity of the worst case behavior has also reduced.

4.4 Automatic PA tuning

To allow the PA to perform more optimally under a variety of load conditions,
dynamic tuning can be applied. As can be seen from the previously shown con-
tours, this offers efficiency advantages over setting the capacitor bank statically
to its maximum capacitance.

Because the main goal of the tuning system in this work is to keep the PA from
operating in an area of reduced reliability, a simple implementation can be made
by measuring the switch peak voltage and keeping it below a set limit by tuning
the capacitor bank. To take advantage of the efficiency benefits, the system
should constantly re-tune the PA to maintain conditions as close as possible to
optimum. The easiest way to achieve this explicitly is by means of an under-over
algorithm that tunes the PA by finding the capacitor bank state where the PA
operates minimally below the switch voltage limit. To ensure the PA is adjusted
quickly when a severe violation of the maximum switch voltage occurs, a trip
limit is implemented beyond which the entire capacitor bank is switched in.

A flow diagram of the self-healing algorithm can be found in Figure 7.

13
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Figure 7: Self-healing algorithm flow diagram

4.5 Peak detection

To produce a standalone version of the PA tuning system, the switch peak
voltage should be detected. It can then be digitized using an A-to-D converter
and processed using a tuning algorithm running on a capable micro-controller.

14
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The simplest implementation of a peak detector is found in the use of a diode
with hold capacitor. To work effectively, this diode should have as little parasitic
capacitance and inductance as possible, the former for isolation and the latter
for transient response. With this implementation, an issue presents itself in that
an idealized version of the circuit (i.e. no voltage droop) stores the highest value
in its history. As such, it does not allow for checking a local maxima, meaning
a lower peak voltage after tuning cannot be detected.

To counteract this problem, the capacitor voltage can be gradually decreased
by means of a parallel current sink or resistor. This, however, causes an error
dependent on the readout frequency, detector output level, and capacitor and
current or resistor value.

A more convenient solution can be found in the use of a reset switch that resets
the storage capacitor, allowing algorithmic control of the window in which a
maximum is to be read while possessing minimal droop if well designed. To
avoid loading of the PA, the peak detector can be switched out of circuit during
the reset pulse, or a resistor can be introduced between the diode cathode and
storage capacitor. The latter introduces a time-constant and possible parasitic
inductance, so the former is preferred. A dead time (i.e. time between the
opening of the diode switch and closing of the hold capacitor switch) can be
introduced to avoid problems due to timing errors and switch transients but
this is not further discussed here.

Care must be taken in the selection of the hold capacitor value. A large capacitor
would cost significant energy to be charged to its final value, while the use of a
small capacitor leads to more sensitivity to leakage currents. Additionally, the
discharging of the hold capacitor may generate electromagnetic interference if
it is not performed carefully.

A schematic representation and simulation of the final concept are shown in
Figure 8 and 9, respectively. A simulation of the circuit was performed in
LTspice XVII, with a model of the BAT62-1.704 supplied by Infineon used for
the diode.

C
K i ?
Reset i Chpeak fo S Ve =+l C Rioaa

Figure 8: Schematic representation of single-ended Class-E PA with peak detector
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Figure 9: Peak detector and PA switch voltage waveforms

The difference between the actual peak value and the peak detector output
value is due to the diode forward voltage drop. This drop can be measured
and calibrated out, leaving the diode forward voltage temperature coefficient
and drift as the main remaining sources of error. If the temperature drift is
too significant, the forward voltage can be calibrated at different temperatures.
Then, using a temperature sensor, the temperature calibration data can be
interpolated to produce (some degree of) cancellation of the detector error at
any operating temperature.

A change in the switch voltage waveform can be seen at the reset moment due
to the current transient caused by the absence of dead-time. This will lead to
power loss and create undesirable transients in the output. For these reasons,
implementation of dead-time is strongly recommended.

4.6 Microcontroller algorithm implementation

The flow of the final code written for the microcontroller deviates slightly from
that shown in Figure 7, as the done state is omitted in favor of continuous tuning.
To avoid instability, a dead zone is adopted to produce hysteresis. The algorithm
changes the capacitor bank state only when the maximum switch voltage exits
the dead zone. An additional flow diagram is not drawn for brevity sake.

16
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5 Methods

A measurement setup was put together and data on the Class-E PA behavior was
collected for varying degrees of load mismatch under varying levels of detuning.

The Class-E PA under test was designed for ¢ = 1.412 and d = 1 and had
Vaa = 1.2V, m = 0.05 and fy = 1.4GHz. The set of available capacitances in
the capacitor bank was Spanr = {150fF, 300fF, 450fF, 600fF}, allowing for
a maximum detuning capacitance of 1.5pF', corresponding to a minimum ¢ of
approximately 1.172.

5.1 Measurement setup

The measurement setup consisted of the following equipment-
o Keysight DSA-Z-204A 20GHz DSO
Keysight N2803A 30GHz active differential probe
Rohde & Schwarz FSP40 9kHz to 40GHz spectrum analyzer

Maury load tuner

Lab Power supply

ATmega328 development board
e PC

The oscilloscope was connected to the Class-E PA circuit board via the active
probe, and set up to measure peak switch voltage. The measurement data was
transferred to the PC where it was processed using MATLAB, and capacitor
bank driving commands were sent to the USB-connected ATmega328 develop-
ment board over a serial monitor.

To allow convenient detuning of the load, a PC-connected Maury load tuner
together with a spectrum analyzer were used as the PA load.

A block diagram of the measurement setup is shown in Figure 10.

,—> Microcontroller
A4

PC Power PA » Tunable
supply load

v

Active probe

v

Figure 10: Block diagram of the measurement system

17
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5.2 Tuning range

The load tuner allows a maximum load VSWR of 40; a reflection coefficient
with magnitude |I'| = 0.95. A collection of load points were chosen on the
Smith chart with VSWR ranging from 0 to 40 among them. This was done to
speed up the measurements, trading off the resolution of the results.

5.3 Measurement procedure

Measurements were performed by detuning the load and noting the real load
power, supply voltage, supply current, reflection coefficient and switch wave-
form. Only the switch waveform was later used to extract the maximum switch
voltage. This detuning was performed over the entire range of the load tuner.

To see the effect of the tuning system, measurements were performed at 750 f F,
1500f F' and automatically tuned (i.e. self-healing) capacitor bank capacitance.

For the self-healing case, the load was detuned and the self-healing algorithm was
run until it completes the tuning. This was done to ensure a static capacitance
bank state during the recording of the measurements so the measurements would
not be disturbed by a change in state. To prevent PA breakdown and possible
damage, the supply Vyq is lowered in areas of the Smith chart where extreme
maximum switch voltage behavior occurs.

5.4 Data processing

To easily compare the resulting measurement data to the theory, they were
grouped into sets with similar values, these sets being plotted as points on the
Smith chart. Because of the limited resolution of the results, it was decided to
not interpolate the data points because of the low data density in some, and
high data density in other regions (i.e. some contours have very few points and
are hard to interpolate and some contours have many points and would create
a contour surface rather than a line).

18
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6 Results

The data gathered experimentally was processed and plotted as sets of data
points in the Smith chart.

It should be noted that due to the time consuming nature of the measurements,
the PA was measured only at select load points, as mentioned in the previous
section. For this reason, the results are limited in resolution, making them
slightly more difficult to interpret. Use of color gradients was employed for
compactness and clarity reasons.

6.1 750fF capacitor bank capacitance

The measurement data for the PA maximum switch voltage and efficiency for
Chank = 750f F are shown in Figure 11.

(a) Vsw,maz measurement results (b) n measurement results

Figure 11: Class-E PA contours for Cpgnp = 750f F

6.2 1500fF capacitor bank capacitance

The measurement data for the PA maximum switch voltage and efficiency for
Chank = 1500f F are shown in Figure 12.

19
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(a) Vsw,mas measurement results (b) m measurement results

Figure 12: Class-E PA measurement data for Cpgnr = 1500f F

It can be seen that the maximum switch voltage has reduced and the size of the
zone with low peak switch voltages has increased.

6.3 Dynamic capacitor bank capacitance

Because V4 was lowered in areas of the Smith chart where the PA was possi-
bly at risk of damage, normalizing the results to Vyg = 1.2V would present a
misleading image, as the maximum switch voltage would be scaled from (the
self-healed) 4V to a higher value for the cases where Vy; < 1.2V. This would
make it seem as if the system was unable to self-heal due to the maximum switch
voltage exceeding 4V'.

For this reason, instead, the points for which Vy; < 1.2V and Cyenr = 1500f F
will be shown, as these are the points where the PA cannot self-heal (i.e. if Vi
were raised, the maximum switch voltage would increase above the permitted
limit but the system cannot add extra Cp,, to compensate).

(a) Unhealable points (b) n» measurement results

Figure 13: Class-E PA measurement data for the self-healing case

20
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It is important to note that the limited number of points shown in the area where
the PA cannot self-heal is due to the limited number of measurement points,
not because the PA is incapable of self-healing exclusively in those points. The
plots show that the PA can heal over a very large portion of the load Smith
chart. Also, the area of high efficiency can be seen to have enlarged w.r.t. the
static capacitor bank value measurements.

21



7. DISCUSSION Bachelor Assignment ICD

7 Discussion

The goal of this assignment was to develop a system to improve the reliability
of Class-E PAs through (self-)tuning. To achieve this, the work in [1] and [2]
was studied and applied. The basics of Class-E PAs were explored and laid
out. After completion of the implementation of the system, experiments were
performed on it and the results compared to the theoretical predictions.

7.1 Conclusions

The findings build strong confidence that Class-E PA switch voltage behavior
under non-nominal load conditions can be tuned to nearly return to the nominal
case by modifying the q parameter using a variable parallel switch capacitor.

The few data points breaking the general trend of the groups of other points
were attributed to measurement and or recording error.

The self-healing results show improved reliability over a larger range of load
mismatches, while also increasing efficiency. This shows PA parameter tuning
as a viable method for self-healing Class-E PAs and presents an attractive option
for future PA implementations by virtue of the efficiency benefits over other PA
classes.

Additionally, the rough trend of the contours shows strong similarity to the
theoretical results, albeit slightly skewed. This implies the validity of the theo-
retical work in [1], giving future efforts a good foundation to base other tuning
methods or general Class-E research upon.

7.2 Recommendations

The measurements shown were performed after the automatic tuning system
had settled. The system reaction time represents a potential problem in the
protection of the PA, as the system may be too slow to properly react to a
rapid load change. This requires extensive work and was therefore not studied,
but may prove a fruitful area of research for future works, possibly aiding to the
confidence in the reliability of future implementations.

Measurements on the effect of variations in the switch duty cycle on PA behavior
were not performed. The theoretical work [1] shows a somewhat similar behavior
to variation in q, so this may be another viable method of healing the PA. Using
a DAC could allow for high-resolution tuning without introducing significant
transmission line effects potentially associated with a large geometry capacitor
bank. This presents a possibly valuable area of study for the future.

The algorithm presented for PA self-healing was designed keeping in mind only
the prevention of the PA switch breakdown. It may be possible to combine this
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algorithm with another that continuously adjusts the PA for optimum efficiency.
Researching this might allow for increased efficiency of the self-healing PA and
is therefore recommended.

A better peak detector could be designed to remove the error due to the diode
forward voltage present in the system discussed in this work. A differential
biased detector may be adopted to allow ideally zero-offset detection.

While q and d were discussed separately as parameters that can be varied to
tune PA performance, simultaneous tuning of these parameters may provide
efficiency and reliability advantages over tuning either parameter separately.
More study is required to confirm or refute this.
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Appendix A The Smith chart

The Smith chart is a commonly used graphical tool that allows intuitive solving
of transmission line and impedance matching problems at radio frequencies. An
empty Smith chart is shown in Figure 14.

Figure 14: An empty Smith chart

A.1 Impedances on the Smith chart

The Smith chart is a polar plot of the reflection coefficient, I', which is given by
and can be expressed as, respectively-

_ Zp—Zs

r—=2L—=s
Zr+Zg

(12)

I =D’ (13)

Where Zj, is the load impedance, Zg is the system impedance and ¢ is the
reflection coefficient phase.

Expressing I' as in Equation 13 allows convenient representation in a polar plot.
In this form, |T'| is the radius of constant |T'| circles centered around the origin,
while ¢, the phase of the reflection coefficient, is the angle on the Smith chart.

The Smith chart is generally drawn only for [I'| < 1, as this is the maximum
reflection coefficient of a passive network (for the reflected energy to be larger
than the transmitted signal, the load network must be active). Additionally,
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the chart is usually normalized to the system impedance, so that a single chart
with normalized scale can be used to solve problems for any system impedance.

Because Equation 12 is a somewhat complex function of (normalized) load
impedance, the Smith chart is somewhat complicated to interpret in terms of
impedance. The mapping of the impedance plane to the Smith chart is one-to-
one, however.

The reflection coefficient relates to the standing wave ratio (SWR) by-

_ SWR-1

= 14
T SWR+1 (14)
Meaning SWR is also represented as the radii of circles around the origin, albeit

less straightforwardly (i.e. not directly proportional to their radii).

It can be shown that constant real impedance is mapped to circles that touch
on their rightmost extreme the point I' = 1 on the Smith chart. Constant
imaginary impedance similarly maps to circles with centers that lie on the line
Tyear = 1, also touching the I' = 1 point [4].

Some constant resistance and reactance contours are shown in Figure 15

Figure 15: A Smith chart with a constant resistance (blue), constant capacitive reactance
(green) and constant inductive reactance (red) contour

Because the reactive part of impedance is frequency-dependent, the Smith chart
is generally used either at a single frequency, or to show the path a system
follows along the Smith chart for an explicit frequency change. With regards
to the Class-E PA, the Smith chart is used to represent the system at a single
frequency only - the fundamental frequency of operation.
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A.2 TUse of the Smith chart with the Class-E PA

Because the Smith chart contains the entire complex plane, including the ex-
tremes, it is a convenient tool for graphically presenting the performance of
(Class-E) PAs under any (passive) load impedance. The loss of resolution near
the extremes is not an issue, as these conditions will rarely, if ever, occur in a
practical situation and are thus not of significant interest.

The PA performance contours can be directly overlaid onto a Smith chart plot
of the load and its variation to find the worst case PA behavior in the system.

To clearly show the trends of the PA parameters along the Smith chart, contours
of constant parameters are used.
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Appendix B Load Q Smith chart con-
tours

Because the series RLC tank loaded Q represents a measure of the harmonic
(i.e. non-fundamental) energy present in the load, it affects the efficiency of the
PA. Additionally, significant harmonic energy emission may interfere with other
equipment or violate RF regulations. For these reasons, it may be instructive
to show constant @ contours on the Smith chart.

It can be shown that the additional RLC tank capacitive reactance AX¢ re-
quired to keep Q constant for a change of tank resistance AR is given by-

R3
AXe = <2AR~R+AR2 +R>Q (15)

Similarly, the additional RLC tank inductive reactance AX required to com-
pensate for a change in tank resistance AR can be shown to be given by-

AX) = (2AR+ A]];Q)Q (16)

These equations allow the generation of constant Q contours. Unfortunately,
they show that these contours cannot be normalized to the nominal resistance.

To show the concept, constant Q contours on the Smith chart are presented
for a tank with a nominal ();,qq of 10 and a nominal resistance of 3.4Q. To
show the scaling effect of R, another set of contours is plotted for a nominal
Qioad of 2. The contours are limited to V.SW R < 20 to avoid clustering of the
curves at the extremes of the Smith chart. It can be seen that the contours are
effectively ‘compressed’ or ‘stretched’ by the scaling of the nominal Q, which is
in correspondence with Equations 15 and 16.
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Figure 16: Constant Q contours on the Smith chart for VSWR < 20 with Qynom = 10
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