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Abstract

Although RF switch-mode power amplifiers (SMPAs) are theoretically

attractive with the potential to achieve very high power efficiencies, experi-

mental realizations at high frequencies have yet to yield significantly better

efficiency than conventional analog technology. Most SMPA designs are

based on class D or class S circuits, and in these circuits, power efficiency is

significantly reduced when the switching signal is changed from periodic to

non-periodic. In this work, a new SMPA architecture is proposed. Instead

of employing reflective out-of-band matching conditions used in class D/S

circuits, the switch is matched to a broadband load which creates dissi-

pative out-of-band impedances. The broadband load significantly improves

switching conditions especially for non-periodic signals. The broadband load

is implemented as a complementary diplexer which separates in-band and

out-of-band signal power at the output of the SMPA. An energy recovery

loop using out-of-band signal power is proposed to significantly reduce the

sensitivity of the overall power efficiency to changes in the peak to average

power ratio of the source signal. Experimental and simulation results are

shown for the new SMPA architecture.
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Chapter 1

Introduction

Research in switch-mode power amplifiers (SMPAs) for wireless appli-

cations has been active for the last decade. Despite advances in the imple-

mentation of radio frequency (RF) switch-mode power amplifiers, realizing

high efficiency circuits has been challenging. At the same time, advances in

analog based RF power amplifiers has also continued and drain efficiencies in

excess of 50% have been reported for modulated signals. If RF switch-mode

technology is to provide a compelling alternative to analog techniques, it

clearly must have advantages including competitive power efficiency.

Most RF SMPAs have been based on class D circuit topologies. Vari-

ations include current mode class D (CMCD) [1], voltage mode class D

(VMCD) [2], and class S [3–5] circuit topologies. Class S is similar to class

D except diodes are added to protect the switches under non-periodic switch-

ing conditions. Performance limitations in these circuits include power loss

mechanisms from parasitic capacitance and inductance, power loss in diodes,

low power efficiency under back-off conditions, voltage peaking across the

switching device including third quadrant device operation, and power loss

related to shoot through current. Although further research will undoubt-

edly continue to bring improvements to RF SMPA’s based on class D circuits,

it is interesting to consider whether there are other approaches that could

be taken to implement switch-mode designs that may lead to more power
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Chapter 1. Introduction

efficient designs.

The RF SMPA architecture presented in this work evolved from a re-

flection on the challenges in realizing RF class D amplifiers that can ef-

ficiently amplify non-periodic pulse trains. In theory, the operation of a

current mode class D amplifier requires a load network that is a short for

all out-of-band frequency components and is matched for in-band frequency

components. A VMCD amplifier is the dual of CMCD and requires an open

for all out-of-band frequencies. When class D is driven with non-periodic

pulse trains such as a bandpass sigma-delta modulated signal, the source

signal is encoded in a noise well and quantization noise rises sharply outside

the noise well. A significant challenge in class D is to present a narrow-band

match at the device plane which shorts the spectrum adjacent to the noise

well while simultaneously matching the in-band spectrum. Improper out-of-

band termination impedances create dissipation of out-of-band spectra and

consequently power efficiency is reduced. The problem becomes particularly

acute when the encoded signal has low coding efficiency and most of the

spectrum is out-of-band.

Starting with an exclusive focus on creating impedance conditions that

minimize power loss in the switch, a purely resistive load that is broadband

is beneficial. Under these conditions, the switch is either on, off, or transi-

tions between states. On and off state losses are similar to class D, however,

the relationship between device current and device voltage during transi-

tions is now consistent and predictable for any pulse waveform. In other

words, current and voltage are orthogonal for any pulse train and transition

losses are predictable. The key point is that the phase of the current and

voltage is controlled unlike a class D amplifier which has uncontrolled phase

relationships when switched with non-periodic signals.
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1.1. Background on RF Switch-mode Power Amplifiers

Although low device dissipation in the switch is obtained with a broad-

band match, the obvious disadvantage is that out-of-band power is now

delivered to the load. The question then is: can we mitigate the loss of

power efficiency created by power in the out-of-band spectrum? It is this

question along with the goal of improving the power efficiency of RF SMPAs

that motivates this research.

In the following sections of this chapter, background on switch-mode

power amplifiers along with a literature review are given. The research

objectives are then presented and the chapter concludes with a summary of

contributions.

1.1 Background on RF Switch-mode Power

Amplifiers

A high level block diagram of the RF switch-mode power amplifier ar-

chitecture is shown in Figure 1.1. An analog input signal called the source

signal is encoded and converted into a two level binary digital signal. The

source signal can be a periodic (CW) signal or a non-periodic (modulated)

signal. Depending on the type of encoder used, the output pulse train is also

periodic for unmodulated carrier signals and non-periodic for modulated sig-

nals. However, regardless of the source signal type, all the information is

encoded by the timing of level transitions in the binary amplitude pulse

train. A periodic signal has a pulse sequence that repeats while a non-

periodic sequence has pulse widths that continuously change depending on

the amplitude and phase of the source signal. If the analog input signal

is a periodic signal, then after encoding, the signal will be a pure square

wave signal which means it is also a periodic signal. On the other hand,
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1.1. Background on RF Switch-mode Power Amplifiers

Figure 1.1: Basic block diagram of a RF switch-mode power amplifier system
(only non-periodic signals are shown).

if the analog input signal is a non-periodic signal (modulated), then after

encoding it will be a square wave signal with different pulse widths which

means it is a non-periodic signal. After encoding, a switch-mode power

amplifier amplifies the encoded signal. Finally, a reconstruction filter ex-

tracts the original analog signal from the amplified version so that it can be

transmitted through the antenna.

Therefore a RF switch-mode power amplifier is a type of electronic am-

plifier used to convert a low-power RF signal into a larger signal of significant

power, typically for driving the antenna of a transmitter. Design objectives

for a power amplifier include:

• high efficiency (low device dissipation);

• high output power;

• good return loss at the input and output;

• high gain.

In a switch-mode power amplifier the power device is designed to oper-

ated as a binary switch defined by an on state and an off state. It is either

fully on or fully off. Ideally zero time is spent transitioning between two
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1.1. Background on RF Switch-mode Power Amplifiers

states. Figure 1.2 shows the ideal switching waveforms across the device.

The current and voltage waveforms are orthogonal which means that no

power is dissipated in the device and the amplifier is ideally 100% efficient.

Figure 1.2: Switching characteristics of the RF switch-mode power amplifier.

1.1.1 Class D Switch-mode Power Amplifier

A class D power amplifier employs a pair of active devices operating in a

push-pull mode with a tuned output circuit. The active devices are driven to

act as a two-pole switch that creates a rectangular voltage waveform called

voltage switching or a rectangular current waveform called current switch-

ing. The output circuit is tuned to the switching frequency and harmonic

5



1.1. Background on RF Switch-mode Power Amplifiers

components are attenuated resulting in a purely sinusoidal signal delivered

to the load. In theory, a class D amplifier should not dissipate any power

in the harmonic components and the amplifier should have very high ef-

ficiency. Let us now consider the basic principles, circuit schematics, and

voltage-current waveforms corresponding to the different types of class D

power amplifiers.

Voltage Mode Class D power amplifier (VMCD)

Figure 1.3 shows the simplified circuit diagram of a voltage mode class D

(VMCD) power amplifier. Two transistors (Q1 and Q2) are driven 180 de-

grees out-of-phase. A series LC filter, consisting of components L0 and C0,

is employed with a resonant frequency set to the center frequency of the

signal. Providing the filter has sufficient selectivity, the VMCD amplifier is

matched for in-band frequencies and open for all out-of-band frequencies.

Ideal drain voltage and drain current waveforms are shown in Figure 1.4.

The voltage across the transistors is a square wave (switched) while the cur-

rent is a half-wave rectified sine wave. The push pull action of Q1 and Q2

will combine to create a load current that is a full-wave sine wave. The con-

ditions shown in this figure correspond to a periodic switching signal with

a 50% duty cycle. Implementation challenges in practical class D circuits

at high frequencies include the design of a high side driver for Q1 and high

Q output filters to provide an effective open at harmonic or out-of-band

frequencies.
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1.1. Background on RF Switch-mode Power Amplifiers

Figure 1.3: Circuit diagram of a voltage mode class D (VMCD) power am-
plifier.

Current Mode Class D power amplifier (CMCD)

Figure 1.5 shows the simplified circuit diagram of a current mode class D

(CMCD) power amplifier. In this case, drain bias is provided by current

sources instead of voltage sources which are used in VMCD, and the two

switching transistors (Q1 and Q2) control the current instead of the voltage.

There is a parallel-connected filter with a resonant frequency set to the

center frequency. Therefore, the operation of the CMCD amplifier requires

a load network that is a short for all out-of-band frequency components and

is matched for in-band frequency components. Figure 1.6 shows the ideal

current and voltage waveforms of the transistors. There is no voltage across

the transistors at each switching time. Hence, ideally, the efficiency is 100%.

Periodic vs Non-periodic Switching Condition in Class D

Under periodic switching conditions with a 50% duty cycle, the switch-

mode class D (CMCD or VMCD) circuit design is configured to generate
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Figure 1.4: Voltage and current waveforms of a voltage mode class D
(VMCD) power amplifier.
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Figure 1.5: Circuit diagram of a current mode class D (CMCD) power am-
plifier.

zero voltage or zero current switching, a condition that minimizes switching

losses. On the other hand, non-periodic switching conditions destroy the

zero voltage or current switching conditions. For non-periodic switching, the

relationship between the voltage across the switching device and the current

through the device is arbitrary. These arbitrary switching conditions lead

to significantly higher switching losses. In addition, for non-periodic pulse

trains, the source signal is encoded in a noise well and the quantization noise

rises sharply outside the noise well. An example of an encoded pulse train

signal is shown in Figure 1.7.

It is very challenging to construct a narrow-band match at the device

plane which shorts the spectrum adjacent to the noise well while simulta-

neously matching the in-band spectrum. Improper out-of-band termination

impedances create dissipation of out-of-band spectra which can reduce power

efficiency significantly. This out-of-band mismatch problem becomes severe

when the encoded signal has low coding efficiency. Wireless communication

source signals have large amplitude variation which means that the average

power in the encoded spectrum is much lower than peak power. As signal
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Figure 1.6: Voltage and current waveforms of a current mode class D
(CMCD) power amplifier.
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1.1. Background on RF Switch-mode Power Amplifiers

Figure 1.7: Power spectral density of a 1 GHz pulse encoded signal. An
overlay of a narrow-band bandpass reconstruction filter is also shown.

power is backed-off relative to peak power, coding efficiency is low and con-

sequently power efficiency can degrade significantly. The reduction in power

efficiency under non-periodic switching conditions is a major limitation of

class D power amplifiers especially in very high frequency applications.

1.1.2 Class S Switch-mode Power Amplifier

Class S is similar to class D except diodes are added to protect the

switches under non-periodic switching conditions. Figure 1.8 shows a voltage

mode class S power amplifier. Two diodes (D1 and D2) are added across the

two transistors (Q1 andQ2) to protect the switches from voltage peaking and

third quadrant transistor operation. However, diode losses can reduce the

overall power efficiency significantly. The working principles of the current

mode (CM) and voltage mode (VM) class S are similar to CMCD and VMCD
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1.1. Background on RF Switch-mode Power Amplifiers

respectively.

Therefore, in a summary, the limitations of the class D and class S

switch-mode power amplifiers are:

• simultaneous in-band and out-of-band match is required;

• low power efficiency under wide back-off conditions;

• voltage peaking across the switching device including third quadrant

device operation;

• power loss in protection diodes;

• power loss related to shoot through current;

• implementation challenges with output baluns and high swing drivers;

• two devices are required.

Figure 1.8: Circuit diagram of a voltage mode class S power amplifier.
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Table 1.1: Some recent experimental results for periodic switching (CW)

Frequency Drain Efficiency Power Topology Year Author

420 MHz 59% 19 W CM class S 2010 [3]
400 MHz 64% 7 W VM class S 2011 [4]
800 MHz 74% 62 W Class E 2010 [7]

550-1100 MHz 74% 10.5 W Class F 2010 [8]
3.27 GHz 71% 5 W Inverse class F 2009 [9]

1 GHz 83% 10 W Inverse class F 2009 [10]
2.3-2.7 GHz 60-68% 10 W Class J 2011 [11]

850 MHz 73% 81 W HS class AB 2011 [6]

1.2 Literature Review

Table 1.1 shows some recent experimental results based on periodic

switching. The peak drain efficiencies range from 60% to 80%. The cir-

cuits span a wide range of frequencies from 400 MHz to 2.7 GHz over a wide

range of output power from 5 W to 81 W. Different topologies are used and

drain efficiency is quite high because the reported results correspond to 50%

duty cycle periodic switching.

For wireless applications, we have to consider a modulated source signal,

which after encoding, creates non-periodic pulse trains. The results for

encoded pulse trains (non-periodic switching) are tabulated in Table 1.2.

Many of the recent results are from Wentzel et al. [3–5] where the drain

efficiency is around 40% for a frequency 450 MHz. In this work, a class S

topology is used with a fourth order bandpass sigma-delta modulator for the

source encoder. Other work by Johnson et al. [6] uses a hard switched (HS)

class AB amplifier with a fourth order noise shaped asynchronous encoder.

A power efficiency of 30% is reported at a power of 20 W for a modulated

IS-95A CDMA source signal.

From these two tables, it is very apparent that if a non-periodic pulse
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Table 1.2: Some recent experimental results for non-periodic switching with
pulse encoded signals.

Frequency Drain Efficiency Power Topology Year Author

420 MHz 34% 8.7 W CM class S 2010 [3]
400 MHz 38% 3.4 W VM class S 2011 [4]
850 MHz 30% 20.4 W HS class AB 2011 [6]
450 MHz 60% 1 W VM class S 2011 [5]
450 MHz 25% 6 dB Back off. VM class S 2011 [5]

signal is used to drive a switch-mode power amplifier, drain efficiency drops

significantly. In other words, although SMPAs have theoretically very high

power efficiency, experimental prototypes demonstrating high efficiency have

not yet been realized at high frequencies. Another important observation for

the results shown in Table 1.2 is the reduction in power as output power is

reduced (backed-off) from peak power. Results from Wentzel et al. [5] show

60% peak drain efficiency at 450 MHz, while under 6 dB back-off the drain

efficiency drops to 25%. Since many common wireless communication signals

have peak to average ratios of 6 to 10 dB, this means the average efficiency

for modulated signals will be low. Therefore, research into improving the

power efficiency under back-off conditions is required to enable commercial

deployment of SMPA technology for wireless applications.

1.3 Motivation and Research Objectives

Class D and Class S circuit topologies have not yielded competitive power

efficiency relative to analog power amplifier designs and research is still re-

quired to realize a practical high efficiency SMPA for wireless applications.

In this research, a new RF SMPA architecture is presented which is moti-

vated by the following objectives:
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• to improve the power efficiency of RF switch-mode design under non-

periodic switching conditions;

• to obtain high power efficiency over a wide back-off range (e.g. 10 dB

back-off), because existing switch-mode RF power amplifier designs

have low power efficiency under back-off conditions;

• to address implementation challenges with RF switch-mode circuits

employing class D or class S circuit topologies; these topologies may

require high side switch drivers, protection diodes, and baluns.

1.4 Contributions

The SMPA concept in this work focuses on implementing a broadband

output match across a single switch. A diagram of the overall proposed

SMPA amplifier is shown in Figure 1.9. A modulated source signal s(t) is

first encoded into a pulse train p(t) that has two amplitude levels which

control the state of the power switch Q1. The pulse train is amplified by

a wide-band driver circuit with a low output impedance to drive the gate

of Q1. Since the gate is primarily capacitive, the driver sources or sinks

charge to switch the device. The output network at the drain node consists

of a broadband DC bias feed and a broadband output network. Because the

load is broadband, the switch voltage and current waveforms are orthogonal

and device dissipation is low. The load consists of a complementary diplexer

which has a bandpass filter branch for reconstructing the source signal across

the output load and a bandstop branch for capturing out-of-band energy.

Unlike reflective filters or split band diplexers, the common input port of a

complementary diplexer is matched at all frequencies including the transition

15



1.4. Contributions

bands. The impedance presented by the diplexer input port at node C in

Figure 1.9 is approximately equivalent to a broadband 50 Ω load.

The design of the encoder has important implications on the overall

power efficiency of the SMPA. Since the power switch can only replicate two

amplitude states, a source signal with amplitude variation must be encoded

into a binary amplitude pulse train, amplified, and then recovered at the

output after the reconstruction filter. Therefore, the encoder can also be

thought of as a way to linearize the hard switched amplifier; it provides a

means of reducing the distortion which would otherwise be very severe if the

source were to directly drive the gate of the switch. The cost of linearizing

the amplifier with a pulse encoder is an expansion in the bandwidth of

the source signal. When the source envelope is quantized to two levels,

bandwidth expansion is very large.

A figure of merit which is useful for characterizing encoder designs for

SMPA applications is to measure the ratio of the in-band signal power to the

total power in the pulse train p(t). This measure is called coding efficiency.

The coding efficiency of an encoder for a modulated source signal depends

on the peak coding efficiency and the peak to average power ratio (PAPR)

of the signal. For a source signal with a PAPR of 6 dB, the typical coding

efficiency of a bandpass sigma-delta modulator is about 15% which means

that 85% of the power is out-of-band. Class D and S amplifier designs ideally

do not generate any power in the out of band signal but in practice this is

very difficult to achieve.

Since out-of-band power is always generated by source encoders, a de-

sign is proposed that will recycle out-of-band power from the output of the

bandstop diplexer port. If the energy recycling was 100% efficient, this

would lead to a SMPA design that would have constant power efficiency
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independent of the source PAPR. Obviously, 100% conversion efficiency will

not be achieved in practice and an analysis of power efficiency assuming

75% conversion efficiency is shown in chapter 6. Even modest conversion

efficiency can dramatically improve power efficiency for high PAPR sources,

something that is difficult to achieve in class D or class S circuits.

1.5 Thesis Outline

Chapter 2: Power Amplifier Design

In Chapter 2, three different switch-mode power amplifier circuit designs

are presented. The main goal of this chapter is to describe the design and

implementation of these circuits.

Chapter 3: Complementary Diplexer

In Chapter 3, the theory and implementation of a complementary diplexer

is presented. The complementary diplexer is a key component in the pro-

posed SMPA architecture.

Chapter 4: Results

In Chapter 4, simulation and experimental results for the three different

SMPA circuit designs are described. The chapter concludes with a compar-

ison of measured results for the different circuits.

Chapter 5: Pulse Encoded Responses

In Chapter 5, simulated results are presented for the amplification of

encoded pulse trains using sigma-delta and pulse-position modulated signals.

Encoded pulse trains are generated in Matlab and used to predict the power

efficiency of the RF SMPA using circuit simulation models.
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Chapter 6: Energy Recovery

In Chapter 6, background and possibilities to rectify out-of-band energy

are presented. Simulation results for the RF SMPA are shown assuming a

RF to DC conversion efficiency of 75% could be obtained from these circuits.

Chapter 7: Conclusion

A summary of the main conclusions is presented as well as recommen-

dations for future research works.
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Figure 1.9: Circuit diagram of the proposed RF switch-mode power amplifier.
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Chapter 2

Switch-mode Power

Amplifier Design

In this chapter three switch-mode power amplifier (SMPA) designs are

presented. The designs are called Design 1, Design 2, and Design 3, and

become progressively more complicated. A 10 W GaN power device is used

as the power switch. The purpose of stepping through each design is to

evaluate design trade-offs.

In Design 1, the switching device is directly coupled to a 50 Ω load

without any matching circuit. In other words, the load line for the switching

device is 50 Ω. The motivation for Design 1 is to avoid introducing any

bandwidth limitations in the output matching network, and in this case, a

50 Ω transmission line is all that is used. The output network also includes

a DC bias network for supplying power to the drain of the switching device.

Therefore, the bandwidth of the output network is primarily limited by the

drain bias network. A two stage bias network is used to obtain a broadband

output.

In Design 2, the output device capacitance is included in the design of

the output network. The DC drain bias inductor is tuned to resonate with

the output device capacitance to form a low Q output. As in Design 1,

the device is also presented with a 50 Ω load line to avoid introducing any
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2.1. Design 1: Broadband RF SMPA with a 50 Ω Load

further bandwidth restrictions created by matching networks.

In Design 3, an output matching network is added to Design 2 to trans-

form the 50 Ω load to an optimum load impedance of 33.3 Ω for the switch-

ing device. A multistage matching network is used to implement broadband

impedance transformations.

Simulated and experimental results for the different designs are presented

in later chapters and the purpose of this chapter is to present the design

methodology used for implementing the output stage of the SMPA.

2.1 Design 1: Broadband RF SMPA with a 50 Ω

Load

2.1.1 Design Considerations

Figure 2.1 shows the circuit diagram of a broadband RF switch-mode

power amplifier (SMPA) with a 50 Ω load. The design is called Design 1,

a term which is used throughout this work. The term “broadband load”

means that the output network including the drain biasing network (Lp) is

broadband for a certain range of frequencies. In this work, circuits have

bandwidths that range from two to five harmonics. In Design 1, the output

device capacitance Cp is neglected and later, in Design 2 and Design 3, the

capacitance is integrated into the output network design.

In Design 1, the load is a 50 Ω impedance which is directly coupled to the

switching device through a DC blocking capacitor Cs and a series inductance

Ls. The series inductor is used to adjust the relative phase of the current

and voltage waveforms across the switching device at node B. The drain bias

VDD is provided through a drain bias circuit. Theoretically, the bias network
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2.1. Design 1: Broadband RF SMPA with a 50 Ω Load

can be modeled by a large inductor Lp with a bypass capacitor Cb as shown

in Figure 2.1. However, in practice it is difficult to realize a broadband bias

network with a single inductor because parasitic capacitance in the inductor

will lead to resonances which limits bandwidth. Therefore, a multistage bias

network is needed in the design and will be described later.

Figure 2.1: Circuit diagram of the broadband RF switch-mode power am-
plifier with a 50 Ω load (Design 1).

2.1.2 The RF Switch

For this work, a 10 W GaN (CGH40010) high electron mobility transistor

(HEMT) from Cree Inc. is used as the switching device. The CGH40010

is a wideband unmatched power device. Cree also provides a large signal

non-linear device model that is used for circuit modeling. As mentioned

earlier, the effect of the output capacitance, Cp, is neglected in Design 1 and

a discussion about the characteristics of Cp is deferred to section 2.2.2.

Figure 2.2 shows the drain-source characteristics of the CGH40010 for

different values of gate-source voltage. The GaN device is a depletion mode

device and consequently the device is on when Vgs = 0 and the device is

off at the pinch-off voltage, approximately -3.3 V. From the data sheet of
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2.1. Design 1: Broadband RF SMPA with a 50 Ω Load

the Cree device, the maximum breakdown voltage of this device is 84 V and

the maximum drain current is approximately 2.9 A at a gate-source voltage

of 1 V. The knee voltage, Vk, is approximately 5 V. The nominal operating

gate voltage ranges from -5 V to +1 V and the maximum operating junction

temperature is 225 ◦C.
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Figure 2.2: Drain-source characteristics of the 10 W GaN HEMT Cree de-
vice.

2.1.3 Output Network Design

Figure 2.3 shows the equivalent output network of Design 1. Two port

symbols are added to the output circuit which relate to physical coaxial

connectors used to measure the frequency response of the network. The

ports are connected to 50 Ω terminations and used for measuring the S-

23



2.1. Design 1: Broadband RF SMPA with a 50 Ω Load

parameters of the network.

Since the objective is to have a broadband output network from node B

to node C in Figure 2.3, a broadband drain bias network is required. It is

difficult to obtain a large bandwidth bias network using a single inductor.

Therefore a two stage network is used to improve the realization of a high

bandwidth bias network. The biasing network consists of two LC filter

stages. Each stage acts as a lowpass filter. The first stage consists of Lp1

and Cb1 and has a higher cut-off frequency relative to the second stage

consisting of Lp2 and Cb2. Cb1 and Cb2 are ceramic bypass capacitors, while

Cb3 is a large tantalum capacitor from AVX which is used to improve the

low frequency bypass response of the second filter stage. Lp1 and Lp2 are

chip inductors from Coilcraft.

The series inductor Ls is implemented with a transmission line on the

circuit board and the value is selected to adjust the relative phase of the cur-

rent and voltage across the switching device to minimize device dissipation.

Cs is the DC blocking capacitance which is also from AVX.

Figure 2.3: Equivalent output network for frequency response measurements
of Design 1.
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2.1. Design 1: Broadband RF SMPA with a 50 Ω Load

Table 2.1: Experimental circuit component values of output matching
network for Design 1.

Components Values

Lp1 33 nH
Lp2 82 nH
Cb1 100 pF
Cb2 100 pF
Cb3 0.33 µH
Ls 2.5 nH
Cs 33 pF

Once the circuit topology was defined, initial component values were cal-

culated and a circuit simulation was done to verify and optimize the design.

All circuit simulations use Agilent Technologies Advanced Design System

(ADS) circuit simulation tools. Models for passive and active components

were obtained from vendors, and distributed matching structures use mod-

els in ADS. Final component values which are used in Design 1 are given in

Table 2.1. Simulation results for the output network are discussed next.

Figure 2.4 shows the S-parameter, |S22|, at port 2 in terms of return

loss in dB.1 The dotted line is the simulation result and the solid line is

the measured result. The frequency span shown corresponds to the fre-

quency range of the network analyzer available for measurements; in this

case, measurements can be made from 100 kHz to 1.5 GHz. In this figure,

the experimental trace follows the pattern of the simulated trace and both

are close to each other.

A -15 dB reference line in Figure 2.4 is used to evaluate the output match.

Return loss is approximately -26 dB from 0.2 GHz to 0.4 GHz and then it

1Note that return loss is usually defined as a positive term. The definition of return
loss is RL = −20 log|S22|. Here, data are shown from the network analyzer where S22 is
measured.
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starts to increase slowly as the frequency increases. Another noticeable

characteristic is that there is a sudden dip and rise at low frequencies. The

low frequency characteristics are dominated by the large tantulum bypass

capacitor and the low impedance of the bias inductors. Therefore, the lowest

frequency range that can be efficiently amplified is expected to be about

200 MHz.

Figure 2.4: Output reflection coefficient |S22| at port 2 of Figure 2.3.

The insertion loss of the output network is shown in Figure 2.5. Both

simulation and experimental results show that insertion loss is very low

(0.2 dB) from 0.2 GHz to 1.5 GHz. As mentioned, the network analyzer is

limited to an upper frequency of 1.5 GHz and simulation results are shown

in Figure 2.6 for an extended frequency range up to 10 GHz. The output

network has sufficient bandwidth for five harmonics assuming a fundamental

frequency of 1 GHz.
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Figure 2.5: Simulated and experimental results for the insertion loss of the
output network for Design 1.

A photograph of the experimental output circuit for Design 1 is shown

in Figure 2.7. The design is fabricated on a Rogers R4350 substrate; the

dielectric thickness is 60 mil and the copper conductor thickness is 1.5 mil.2

21 mil is 0.001 inches or 25.4 microns.
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Figure 2.6: Simulated results for the insertion loss of the output network for
Design 1 over an extended frequency range up to 10 GHz.

Figure 2.7: Picture of the output network for Design 1.
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2.2 Design 2: Tuned Broadband RF SMPA with

a 50 Ω Load

2.2.1 Design Considerations

Figure 2.8 shows Design 2, a tuned broadband RF switch-mode power

amplifier (SMPA) with a 50 Ω load. The circuit diagram is similar to De-

sign 1 except the value of the drain bias inductor Lp is selected to resonate

with the output capacitance of the device. Therefore, in this design it is

necessary to estimate the output capacitance of the 10 W HEMT GaN Cree

device.

Figure 2.8: Circuit diagram of the tuned broadband RF switch-mode power
amplifier (Design 2).

2.2.2 Determination of the Output Capacitance of the Cree

Device

The measurement of the effective output capacitance of the device is

very crucial in the amplifier design because it helps to choose the right value

of other circuit components. The effective output capacitance is non-linear
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and the effective value of Cp depends on the amplitudes of the switching

voltages and currents in the device. Since the output capacitance is non-

linear, analysis is very difficult and our goal here is to estimate an effective

output capacitance from the device model that can be used in the design.

Figure 2.9 shows the circuit diagram for a simulation test bench used to

measure output capacitance at different bias conditions. The gate voltage

VGG is varied from +1 V to -5 V with a step of 1 V and drain voltage

from +8 V to +80 V. A simplified circuit diagram of the output admittance

network looking into port 1 is also shown in Figure 2.10.

Figure 2.9: Circuit diagram to determine output capacitance.

Figure 2.10: Simplified circuit model of the output admittance network of
the Cree device looking into port 1.

Figure 2.11 shows the input reflection coefficient (S11) at port 1 for a
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1 GHz frequency on a Smith chart with an admittance chart. Here, we are

only showing the results of S11 for a particular case of gate and drain bias

conditions; VGG is -1 V and the VDD is +30 V. From this figure, the value of

the normalized output admittance yout is (0.336+j0.510) at 1 GHz where the

normalizing impedance is 50 Ω. An over-bar is used to denote normalized

quantities. The input admittance can be separated into real and imaginary

parts that correspond to conductance and susceptance:

yout = gout + jbout. (2.1)

The susceptance can then be equated to find the effective capacitance

bout = 50ωcCp

Cp =
bout
50ωc

(2.2)

where ωc = 2πf is the frequency of the measurement. For the measurement

in Figure 2.11, fc = 1 GHz, bout = 0.511, and the output capacitance Cp

is calculated to be 1.62 pF. In a similar way the value of the Cp for differ-

ent switching conditions can be determined. The extracted model values

for Cp are summarized in Figure 2.12. As the data show, the capacitance

characteristics are highly nonlinear and the data is now used to calculate an

effective output capacitance.

In Design 2, the drain-source voltage varies from 0 V to 60 V while the

gate-source voltage varies from 0 V to -4 V. Note that a 0 V gate voltage

means the device is in the on state and -4 V means the device is in the off

state. Using data from Figure 2.12, Cp is 2.3 pF in the on state and 1.45 pF

in the off state. The average of these two values is approximately 1.9 pF
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Figure 2.11: Small signal output admittance for a bias of VGG = -1 V and
the VDD = +30 V .

which is the estimated effective output capacitance of the Cree device.

2.2.3 Output Network Design

Figure 2.13 shows the equivalent circuit for the output network in De-

sign 2. In Design 2, the output capacitance Cp, is tuned with the drain bias

inductor Lp1 at a frequency of 1 GHz. The second inductor Lp2 is used to
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Figure 2.12: Extracted output capacitance, Cp, for the Cree device for dif-
ferent gate and drain voltages at a frequency of 1 GHz.

enhance the low frequency characteristics and a final value for this inductor

is determined using simulation.

An initial value for Lp1 is calculated using basic equations for a parallel

resonant circuit. Therefore,

Cp =
Q

ωcR50

Lp1 =
R50

ωcQ
(2.3)

where R50 is the 50 Ω load, Q is the loaded quality factor, and ωc = 2πfc

where fc is the center frequency. A value of 2 pF is used for Cp which was the

closest value of a fixed capacitor value to model Cp in experiments to verify
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Figure 2.13: Equivalent output network for frequency response measure-
ments of the tuned broadband SMPA (Design 2).

the operation of the output circuit. Using equation (2.3), the value of Lp1 is

12.68 nH and Q is 0.628. The closest possible inductor value from Coilcraft

is 12 nH and it is chosen for the final output network design. Note that the

value of the quality factor is low which supports the broadband load theory

and it is expected to pass harmonic power to the output terminal. The value

of the other components in the output network are given in Table 2.2.

Table 2.2: Experimental circuit component values of output matching
network for Design 2.

Components Values

Lp1 12 nH
Lp2 82 nH
Cp 2 pF
Cb1 100 pF
Cb2 100 pF
Cb3 0.33 µH
Ls 2.2 nH
Cs 33 pF
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Figure 2.14 shows both experimental and simulated results for |S22| to

evaluate the output match at port 2. The two data sets are similar and the

dip in |S22| at 1 GHz frequency shows that the circuit is matched at this

frequency. A -15 dB reference line is shown in this figure. For the frequency

range of 0.9 GHz to 1.1 GHz, the return loss is below -15 dB. The output

match is therefore narrower than Design 1 and shows that the tuned output

network has come at the expense of a reduction in bandwidth. Performance

is expected to be good in a frequency range near 1 GHz and fall off as the

frequency moves away from 1 GHz.

Figure 2.14: Output reflection coefficient |S22| at port 2 of Figure 2.13.

Next, Figure 2.15 shows the experimental and simulated results for in-

sertion loss (S21). Both curves are very close to each other and insertion
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loss is about 0.2 dB for frequencies above 0.5 GHz. From this figure it is

hard to make any conclusion about the upper frequency limit of the output

matching network because we are restricted to 1.5 GHz. As the experimen-

tal and simulated results are similar, the simulation model is used to extend

the frequency sweep. Figure 2.16 shows the extended simulation results for

S21 up to a frequency of 6 GHz. Based on simulation results, the esti-

mated -3 dB bandwidth is approximately 2.4 GHz. If the center frequency

is 1 GHz, then it is expected that harmonic power will include the second

harmonic and approximately 40% of the third harmonic. A photograph of

the implemented output circuit is shown in Figure 2.17.

Figure 2.15: Simulated and experimental measurements of insertion loss
|S21| for Design 2 up to 1.5 GHz.
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Figure 2.16: Simulated insertion loss |S21| of the output network of the
Design 2 up to 10 GHz.

Figure 2.17: Picture of the output network for Design 2.
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2.3 Design 3: Broadband RF SMPA with an

Optimum Load, Ropt

2.3.1 Design Considerations

Calculating Ropt

In Design 3, the device is matched to a load impedance called Ropt that

is not equal to 50 Ω. Ropt is selected to maximize the power delivered by the

switch to the load and is determined from a load line analysis of the device.

An equivalent model for Design 3 is shown in Figure 2.18 where the output

load is now replaced by Ropt.

Figure 2.18: Simplified circuit diagram of the Design 3 with an optimum
load Ropt.

The ideal load line for the device is shown in Figure 2.19. The optimum

load line is found from the slope of the line which passes through (Vk, Imax)

and (Vmax, 0). The bias point or quiescent point is indicated by Q on the

load line. The optimum load, Ropt can be determined from the value of the

maximum available drain voltage and current for a 50% duty cycle input

source. The optimum load resistance is
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Ropt =
(Vmax − Vk)

Imax
(2.4)

and the corresponding drain bias voltage is

VDD =
(Vmax − Vk)

2
+ Vk

=
(Vmax + Vk)

2
(2.5)

where Vk is the knee voltage, Vmax is the maximum drain-source voltage

across the switch and Imax is the maximum drain-source current through

the switch. From the drain-source characteristics of the 10 W Cree GaN

device in Figure 2.2, the selected values for calculating the optimum load

are: Vmax = 65 V, Imax = 2.3 A and Vk = 5 V. After substituting these

values in equation (2.4), the value of the optimum load is 25.6 Ω.

Matching Network Design

Since a 50 Ω output impedance is required to interface with the diplexer,

a matching network is required to transform Ropt to 50 Ω. Figure 2.20 shows

the basic block diagram of the impedance transformation from Ropt to 50 Ω.

There are several ways to do this impedance transformation using either

lumped components or distributed transmission line components. For ex-

ample a stepped transmission line could be used or a multistage lumped

element circuit could be used. How the network is implemented has a sig-

nificant effect on the loss in the network, the size of the layout, and the

bandwidth of the network. In this work, a transmission line design synthe-

sizing an equivalent multistage L-match network is used. A model of the

matching network is shown in Figure 2.21.
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Figure 2.19: Ideal switching characteristics of a RF switch-mode power am-
plifier.

Figure 2.20: Block diagram of the impedance transformation from Ropt to
a 50 Ω load.

2.3.2 Output Network Design

Figure 2.22 shows the circuit diagram for Design 3 with a multistage

matching network. At node C, the load is Ropt and then it is transformed

to 50 Ω at node D. Using the values of the optimum load and the output

capacitance of the device, the value of Lp1 can be calculated using equa-

tion (2.3). For a frequency of 1 GHz Lp1 is 12.68 nH. It is same value as
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Figure 2.21: Multistage matching network to transform Ropt to a 50 Ω load.

Design 2 because the center frequency is same; only the quality factor is

changed and has a value of 0.3125 in Design 3.

Figure 2.22: Equivalent output network for frequency response measure-
ments of the optimum broadband RF switch-mode power amplifier (De-
sign 3).

The calculated values were used for initial component values in the simu-

lator. The simulator was then used to explore power and efficiency trade-offs

in the design. The best value for the Ropt was found to be 33.3 Ω for maxi-

mum drain efficiency condition, a value 1.3 times larger than the calculated

value. The value of the other components in the output network are sum-

marized in Table 2.3.
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Table 2.3: Experimental circuit component values of output matching net-
work for Design 3.

Components Values

Lp1 12 nH
Lp2 82 nH
Cp 2 pF
Cb1 100 pF
Cb2 100 pF
Cb3 0.33 µH
Ls 2.2 nH
Cs 33 pF
Ropt 33.3 Ω

The next step is to convert Ropt to a 50 Ω load. A three stage L-match

design based on binomial transformer intermediate impedances is used in

Design 3. The design details are described in the next section.

2.3.3 Multi-stage L-match Circuit

A multi-stage match is implemented based on impedances determined

from a binomial stepped transmission line design. A binomial transformer

transforms a real source impedance to an output load impedance in N steps

using a series of quarter wave transformers. The number of sections deter-

mines the bandwidth of the match and bandwidth improves as more sections

are added. The disadvantage of adding more sections is that the physical

space of the matching network becomes large. To keep the output match

network compact, the binomial transformer is converted to an equivalent

L-match circuit. The intermediate impedance levels in the L-match circuit

are calculated using binomial transformer design equations.

The passband response of a binomial matching transformer is optimum

in the sense that, for a given number of sections, the response is as flat as
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possible near the design frequency. Thus, such a response is also known as

maximally flat. If Zn is defined as the characteristic impedance of the nth

section, then [12],

ln(Zn+1) = ln(Zn) + 2−NCn
N ln

(
ZL
Zopt

)
or, Zn+1 = exp

[
ln(Zn) + 2−NCn

N ln

(
ZL
Zopt

)]
(2.6)

where Cn
N is the binomial coefficient and ZL and Zopt are the load and

source impedance respectively.

From equation (2.6), the characteristic impedances for a three stage net-

work (N = 3) are:

Z1 = exp

[
ln(Z0) + 2−NCn

N ln

(
ZL
Zopt

)]
Z2 = exp

[
ln(Z1) + 2−NCn

N ln

(
ZL
Zopt

)]
Z3 = exp

[
ln(Z2) + 2−NCn

N ln

(
ZL
Zopt

)]
. (2.7)

Here, Z0 is Zopt because this is the impedance of the zero section and ZL

is 50 Ω. After substituting these values in equation (2.7), the value of the

three transformer impedances are:

Z1 = 35 Ω

Z2 = 40.8 Ω

Z3 = 47.5 Ω. (2.8)

Figure 2.23 shows the circuit diagram of the three stage binomial trans-

former. Z1, Z2 and Z3 are the characteristic impedances of each section and
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RIM1 and RIM2 are the accumulated intermediate impedances seen looking

towards the source. It is necessary to know the intermediate impedances to

convert this network into a LC ladder network. For a binomial multistage

match, the impedance of the nth stage is equal to the geometric mean of the

preceding and following stage. Thus,

Zn =
√
Zn−1Zn+1 (2.9)

and for this design case, the three expressions are [13],

Z1 =
√
RoptRIM1

Z2 =
√
RIM1RIM2

Z3 =
√
RIM2RL. (2.10)

Figure 2.23: Three stage binomial transformer.

After using the three characteristic impedance values from equation (2.8)

in equation (2.10), the values of the intermediate impedances are [13]

RIM1 = 36.79 Ω

RIM2 = 45.13 Ω. (2.11)
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Next, each characteristic impedance block is converted into a L−match

network. The impedance transformation ratios are

m1 =
RIM1

RL

m2 =
RIM2

RIM1

m3 =
RL
RIM2

. (2.12)

The corresponding values for the equivalent L-match cascade are:

XCm1 =
RIM1√
(m1 − 1)

XCm2 =
RIM2√
(m2 − 1)

XCm3 =
RL√

(m3 − 1)
; (2.13)

XLm1 = RL
√

(m1 − 1)

XLm2 = RIM2

√
(m2 − 1)

XLm3 = RL
√

(m3 − 1). (2.14)

After calculating the reactance values using the equations above, the

capacitor and inductor values can be determined as follows:

Cm1 =
1

2πfXCm1

Cm2 =
1

2πfXCm2

Cm3 =
1

2πfXCm3
; (2.15)
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Lm1 =
XLm1

2πf

Lm2 =
XLm2

2πf

Lm3 =
XLm3

2πf
. (2.16)

The values are tabulated in Table 2.4. The values are small and diffi-

cult to implement with off the shelf lumped components. Additionally, the

voltages across these components can be large at high power and dissipa-

tion can be a problem. For these reasons, the lumped element values are

implemented by equivalent transmission line structures.

Table 2.4: Capacitor and inductor values for the matching circuit.

Components Values

Cm1 1.412 pF
Cm2 1.673 pF
Cm3 1.041 pF
Lm1 1.733 nH
Lm2 2.785 nH
Lm3 2.351 nH

In the ADS circuit simulator, the dimensions of the transmission lines in

the matching network are optimized. The final dimensions of the transmis-

sion lines are given in Table 2.5 for a Rogers 4350 subtrate. The substrate

properties are summarized in Table 2.6.

Simulation and experimental results were made to characterize the out-

put network response. Figure 2.24 shows return loss measured at the output

port. In making these measurements, port 1 is terminated with 50 Ω be-

cause the network analyzer has port impedances of 50 Ω. Therefore, the

measurements do not directly correspond to the conditions in the circuit

when the device is driving the input port. However, the correlation between
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Table 2.5: Transmission line dimensions for the output matching circuit in
Design 3.

Components Width (mil) Length (mil)

Cm1 350 680
Cm2 150 379
Cm3 150 540
Lm1 45 410
Lm2 40 270
Lm3 35 220

Table 2.6: Substrate process parameters.

Parameters Values

Substrate Thickness 60 mil
Dielectric Constant, εr 3.48
Dissipation Factor, δ 0.0031

Copper Thickness 1.4 mil

model and measurements is a useful comparison and the results are similar.

Measurements of insertion loss are shown in Figures 2.25 and Figure 2.26.

Similar to the measurements in the other designs, an extended frequency

range simulation is used to estimate bandwidth. From Figure 2.26, the esti-

mated -3 dB bandwidth is about 1.8 GHz. For a center frequency of 1 GHz

it is expected that up to 80% of second harmonic power will pass through to

the output. Beyond the second harmonic, no significant output power is ex-

pected and the data shows that the bandwidth of Design 3 is even narrower

than Design 2. A photograph of the complete SMPA with the output match

is shown in Figure 2.27. Unlike the photos for Designs 1 and 2, this photo

includes the driver and Cree power device. The driver stage is described in

more detail in the next section.

47



2.3. Design 3: Broadband RF SMPA with an Optimum Load, Ropt

Figure 2.24: Output reflection coefficient |S22| at port 2 of Figure 2.22.

Figure 2.25: Simulated and experimental results for insertion loss |S21| of
the output network for the Design 3.
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Figure 2.26: Simulated insertion loss |S21| of the output network for De-
sign 3.

CMOS Driver Stage PA Three Stage Output Match

RF
Input

Gate Drain Rogers Substrate

Transmission
Lines

Ground
Plane

PA Supply

RF
Output

Driver Supply

Cree 10 W GaN
Device(CGH40010)

Driver Chip
(PWD06)

Figure 2.27: Picture of the experimental prototype of Design 3 with a driver
board and a 10 W GaN Cree device.
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2.4 Driver for the Final Stage of the SMPA

A driver is required to switch the gate of the power device. The driver

needs to have a low impedance high current output to generate fast switching

transitions. In this design, a PWD06 CMOS driver from PWRF Inc. is used.

The nominal specifications for this driver chip are given in Table 2.7.

Table 2.7: Nominal parameters of the PWD06 driver chip.

Parameters Values

RF Input Frequency Range 30 - 3000 MHz
RF Input Level 0 dBm

RF Input Return Loss at 1 GHz -14 dB
Insertion Delay 550 ps

Instantaneous Bandwidth > 2.5 GHz
Nominal Output Resistance 1.6 Ω

Nominal Output Voltage Max. 4.2 V

The driver has an output impedance of 1.6 Ω with a small signal gain

of approximately 35 dB. Sinusoidal input signals are clipped to generate

square wave output pulse trains. The input and output terminals of the

driver are AC coupled through capacitors. The driver also has a 100 Ω

resistor connected to the output terminal which can be used to supply a DC

bias to the gate. A gate bias of -2.5 V is used and the driver has a 4 V

output swing.

The driver to gate interface must be carefully designed to minimize par-

asitic inductance. In this design, the parasitic inductance is estimated to

be about 1 nH. A series damping resistor 5.35 Ω (combination of two par-

allel 10.7 Ω resistors) is placed between the driver output and gate. The
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resistance was selected to maximize the drain efficiency of the power switch

stage.

The pin diagram of the PWD06 driver chip is shown in Figure 2.28

and the description of the pins are tabulated in Table 2.8. A simplified

circuit diagram of the chip is shown in Figure 2.29 and the description of

the nominal circuit parameters are tabulated in Table 2.7.

A picture of the implemented driver board is shown in Figure 2.30. The

circuit board is a Rogers R4350B substrate - the same substrate used for

the output network. The properties of this substrate were given earlier

in Table 2.6. The measured driver response for a 1 GHz sine wave input

signal with an input power of 0 dBm is shown in Figure 2.31. The response

is measured with a 50 Ω load and captured on a high speed oscilloscope

(Tektronix model DP070804B). The output is a square wave signal and

shows that the driver amplifies and clips the sinusoidal signal to generate

an output pulse train which controls the state of the power switch. The

driver output for another test signal is shown in Figure 2.32. The input

signal in this case is a pseudo-random bit sequence (PRBS) from a pattern

generator. The PRBS test pattern in non-periodic and used to evaluate the

performance of the SMPA. In Chapter 4, both test signals will be used to

measure the performance of the RF SMPA designs.
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Figure 2.28: Pin diagram of the PWD06 driver chip.
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Table 2.8: Description of the pins of the PWD06 driver chip.

Pin Mnemonic Description Nominal value

1, 8 En b Active low enable, or active high disable -
2, 7 Vdo Output stage supply voltage 4.1 V
3, 6 Vdd Internal circuits supply voltage 2.1 V

4 Vin p 50 Ω differential terminated input,
positive side

-

5 Vin n 50 Ω differential terminated input,
negative side

-

9, 16 Vgg DC bias voltage input pin for routing bias
to next stage gate input,

Resistively connected to Vout

-2.5 V

10, 11, 12, 13, 14, 15 Vout Driver outputs -
Backside metal GND Ground -
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Figure 2.30: Picture of the driver board.

Figure 2.31: Measured driver response for a 1 GHz CW input signal across
a 50 Ω load.
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Figure 2.32: Measured driver output wave shape at 1 GHz frequency for

PRBS excitation across a 50 Ω load (red line indicates the driver input and

green line indicates driver output).

56



Chapter 3

Complementary Diplexer

An integral part of the proposed SMPA architecture is an output diplexer

to separate in-band and out-of-band components of the amplified pulse train.

The diplexer design has the additional constraint that the input impedance

is constant over the entire bandwidth of the spectrum. In other words, the

diplexer is equivalent to the 50 Ω load which was assumed in the previous

chapter. A special diplexer called the complementary diplexer has the prop-

erty that the input port is matched for all frequencies. The purpose of this

chapter is to explain the theory of complementary diplexers and describe

the implementation of an experimental prototype used in the SMPA.

3.1 Background

A diplexer is a single input two output filter bank that splits a common

input frequency band into two distinct output bands. In terms of network

theory, a diplexer is a three port network where each port is terminated in

an impedance. A block diagram of an ideal diplexer is shown in Figure 3.1.

It consists of two parallel connected resistively terminated lossless filters,

one of which is a lowpass and the other is a highpass. Network equations in

terms of Y-parameters for the diplexer are given below:
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Figure 3.1: Basic block diagram of a diplexer.

Yin = YinLP + YinHP

= Re[YinLP ] + jIm[YinLP ] + Re[YinHP ] + jIm[YinHP ] (3.1)

|Y12HP |2 =

∣∣∣∣IHPVin
∣∣∣∣2 (3.2)

|Y12LP |2 =

∣∣∣∣ILPVin
∣∣∣∣2. (3.3)

In these equations, YinLP and YinHP are the input admittances of the

lowpass and highpass sections respectively, Vin is the voltage across the

input port, and IHP and ILP are terminal currents at the output ports.

Also, without loss of generality, all terminal impedances are normalized to

1 Ω; terminal impedances can be scaled after a canonic prototype design is

made.
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3.2 Singly and Doubly Terminated Filters

In a doubly terminated filter, both the input and output ports are

matched over the passband region of the filter. Out-of-band, the stop band

impedance of the filter is unmatched and approaches either a short circuit

or open circuit impedance depending on the design of the filter. In a dou-

bly terminated filter, if a signal generator is used to sweep the frequency

response of the filter, one would see that the voltage across the input ter-

minals of the filter depends on frequency. If the frequency of the source

is within the passband of the filter where the impedance of the source and

filter are matched, the amplitude would be half the open circuit amplitude

of the source. On the other hand, if the frequency is changed to the stop

band of the filter, then the input voltage increases to the open circuit source

voltage assuming the stop band impedance is an open circuit. Conversely,

the voltage would collapse to zero if the stop band impedance is a short

circuit. In other words, in a doubly terminated filter, the input terminal

voltage depends on frequency and is simply another way of stating that the

input impedance varies with frequency.

In a singly terminated filter, the input port impedance is constant and

independent of frequency. A singly terminated filter design is distinctly

different from a doubly terminated filter design. The input impedance is

constant and filter prototypes are designed for an ideal voltage source or an

ideal current source. As shown next, singly terminated filter prototypes are

required to implement a complementary diplexer.
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3.3 Complementary Diplexer

A complementary diplexer is a special diplexer which has two filter

branches that sum to give an input impedance that is independent of fre-

quency [14, 15]. Since the input impedance of a complementary diplexer is

independent of frequency, each filter branch must be designed as a singly

terminated filter. Therefore the filter design for a complementary diplexer

begins with two singly terminated networks connected in shunt at the input

terminal.

If the parallel connection of the filter networks shown in Figure 3.1 pro-

vides a constant admittance independent of frequency, then the sum of the

lowpass and highpass input admittances must equal a constant. Using a

normalized impedance of 1 Ω, the complementary condition then requires

Yin = YinLP + YinHP = 1. (3.4)

Consequently, the necessary condition is that the sum of the real parts of the

input admittances must be constant and the reactive parts must be equal

and of opposite sign. Thus,

Re[YinLP ] + Re[YinHP ] = 1 (3.5)

Im[YinLP ] + Im[YinHP ] = 0. (3.6)

For lossless networks terminated in a unit resistance

Re[Yin] = |Y12|2 (3.7)
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where Y12 is the ratio of output current to input voltage. Therefore, equa-

tion (3.4) to (3.7) requires that

|Y12|2LP + |Y12|2HP = 1. (3.8)

At this point, we have an equation that links the transfer admittance of

the lowpass and highpass filters. Stated another way, the frequency response

of the two filter branches are coupled and the synthesis requires finding

realizable functions for the filter branches. Fortunately, the maximally flat

filter function can be manipulated to satisfy the complementary constraint.

Other filters based on Chebyshev prototypes can be synthesized assuming

the constant impedance condition is relaxed and satisfies a minimum return

loss specification. An example of a lumped element Chebyshev filter diplexer

is shown in the next section followed by a Butterworth filter diplexer design

implemented with transmission line structures.

3.4 Lumped Element Complementary Diplexer

Design

Lumped element filter prototypes are used as the first step in the syn-

thesis of distributed filter designs. The lumped element values for the com-

plementary filter branches are obtained from standard filter design tables

for singly terminated filter networks. In the design procedure described be-

low, it is assumed that the input terminal is connected to a voltage source.

Therefore each filter branch is designed with a singly terminated network

with zero source resistance.

The input impedance of the diplexer is ideally independent of frequency.
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However, in practice a small variation in impedance is usually acceptable

provided the impedance variation is small. We usually quantify the accept-

able match in terms of a minimum return loss specification. For example,

in a Chebyshev filter design, the in-band ripple is directly related to the

minimum acceptable return loss. The same concept can be extended to the

design of a diplexer where the input port impedance can vary providing it

does not exceed a minimum return loss specification.

For the SMPA design, a diplexer with complementary bandpass and

bandstop filter branches is required. The bandpass filter branch is a re-

construction filter and the attenuation characteristics must match the noise

shaping characteristics in the encoder such that the output signal has an out-

of-band noise spectrum that meets the spectral requirements of the trans-

mitter. The diplexer design specifications are summarized below:

• center frequency of bandpass and bandstop filter branches: 1 GHz;

• -3 dB bandwidth of reconstruction filter: 50 MHz;

• out of band attenuation to create a flat noise spectrum assuming a

fourth order noise shaping filter is used in the encoder. This corre-

sponds to a two section low pass filter which is transformed into a

fourth order (two resonator) bandpass filter;

• minimum input return loss of 20 dB for matched output ports;

• operating bandwidth: DC to 5 GHz.

Based on these specifications, a 0.5 dB ripple 5th order Chebyshev filter

response is selected. Normalized lowpass filter values for a singly terminated

0.5 dB ripple Chebyshev are given in Table 3.1. The table assumes the filter
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Table 3.1: Normalized 0.5 dB Chebyshev element values for Rs = 0 or ∞.
Order C1 L2 C3 L4 C5 L6 C7

1 1.00000
2 1.36144 1.01565
3 1.57200 1.51790 0.93182
4 1.45345 1.91162 1.53945 0.92395
5 1.62994 1.73996 1.92168 1.51377 0.90343
6 1.46994 1,99084 1.79019 1.93593 1.51606 0.90305
7 1.64643 1.77716 2.03065 1.78918 1.92388 1.50337 0.89478

Rs = 0 L′
1 C′

2 L′
3 C′

4 L′
5 C′

6 L′
7

is terminated in a 1 Ω load and the filter cut-off frequency is 1 rad/s. Filter

scaling and transformation functions can be used to convert these values

to lowpass, highpass, bandpass, or bandstop filters. Since the prototype is

consistent with the complementary condition, a lowpass/highpass or band-

stop/bandpass diplexer can be obtained. The design steps for a nth order

lowpass/highpass complementary diplexer are summarized below:

• choose the normalized element values for order n with the desired filter

prototype for a singly terminated network with Rs = 0;

• select the required transition frequency (cut-off frequency);

• scale the prototype lowpass values from ω0 = 1 rad/s, R0 = 1 Ω to

the desired values: multiply prototype inductor values by R0ω0 and

multiply prototype capacitor values by 1/(R0ω0);

• exchange inductor and capacitors in the lowpass prototype to construct

a highpass prototype;

• scale the prototype highpass values for the same cut-off frequency ω0

and the required terminal impedance.

As an example, consider a lowpass/highpass complementary diplexer

with a transition frequency of 1 GHz. The output port impedances are 50 Ω
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and a 0.5 dB Chebyshev response is required. Using the above procedure

gives the diplexer design shown in Figure 3.2. The design is verified in an

ADS simulation and the simulation results are shown in Figure 3.3. From

Figure 3.3 it is very clear that the - 3 dB cross-over frequency or center

frequency is exactly 1 GHz. The input impedance is also very constant and

|S11| is no greater than -25 dB. The simulation results therefore confirm

that the diplexer is indeed a complementary diplexer.

Figure 3.2: Circuit diagram of a lumped element 5th order 0.5 dB ripple
1 GHz Chebyshev lowpass/highpass complementary diplexer.

A bandpass/bandstop diplexer can also be designed in a similar way from

a lowpass/highpass filter type. First, the normalized lowpass filter values

must be frequency and impedance scaled, then transformed into bandpass

and bandstop sections. Figure 3.4 and Figure 3.5 shows the conversion

procedure from a lowpass filter section to a bandpass section and a highpass

filter section to a bandstop filter section. The formulas used to convert
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Figure 3.3: Simulation results of a 5th order 0.5 dB ripple 1 GHz Chebyshev
lowpass/highpass complementary diplexer.

Figure 3.4: Circuit diagram showing the conversion procedure from a low-
pass filter to a bandpass filter.

lowpass filter into a bandpass filter are given below:

CSeries =
FU − FL

2πFUFLRX
(3.9)

LSeries =
RX

2π(FU − FL)
(3.10)

CParallel =
X

2π(FU − FL)R
(3.11)

LParallel =
(FU − FL)R

2πFUFLX
(3.12)
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Figure 3.5: Circuit diagram showing the conversion procedure from a high-
pass filter to a bandstop filter.

Here, the series and parallel subscripts indicate which circuit element is

being considered. In the equations, X is the normalized lowpass element

value, FU is the upper cutoff frequency, FL is the lower cutoff frequency,

and R is the termination resistance. The same value of X must be used for

transforming a lowpass component into an inductor/capacitor pair. This is

because each branch in the lowpass filter is transformed to either a series or

parallel resonant circuit.

Similarly, formulas for converting highpass prototype values into a band-

stop filter are:

CSeries =
1

2π(FU − FL)RX
(3.13)

LSeries =
(FU − FL)RX

2πFUFL
(3.14)

CParallel =
(FU − FL)X

2πFUFLR
(3.15)

LParallel =
R

2π(FU − FL)X
(3.16)

By using these transformations a 5th order 0.5 dB ripple 1 GHz Cheby-

shev bandpass/bandstop complementary diplexer with a 2% bandwidth is
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designed. The circuit diagram and simulated results are shown in Figure 3.6

and 3.7 respectively. Again, the simulation results clearly show the com-

plementary attenuation characteristics of the bandpass and bandstop filter

branches as well as a constant input impedance at the input terminal of the

diplexer.

Figure 3.6: Circuit diagram of a 5th order 0.5 dB ripple 1 GHz Chebyshev
bandpass/bandstop complementary diplexer with 2% bandwidth.

3.5 Distributed Element Complementary

Diplexer Design

Original work on the implementation of complementary diplexers using

transmission line structures was first published by Wenzel in 1968 [16]. In

terms of transmission line structures, design is simplified if the transmis-

sion lines satisfy the transverse electromagnetic (TEM) propagation condi-

tions. Therefore designs using coaxial structures or stripline are preferred.

A stripline design is implemented in this research project because it can be

easily fabricated using circuit board techniques.
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Figure 3.7: Simulation results of a 5th order 0.5 dB ripple 1 GHz Chebyshev
bandpass/bandstop complementary diplexer with 2% bandwidth.

The constraints imposed by the complementary condition make the de-

sign of a TEM diplexer more complicated than doubly terminated single

branch TEM filters. Also, relatively few papers are available that describe

complementary diplexer implementations; diplexer implementations with

two distinct bandpass filter branches are much more common. Therefore, a

more extensive description of the conversion of a lumped element design to a

TEM design is presented. The final complementary diplexer is implemented

in stripline using coupled resonator sections.

Lumped element filters can be implemented in distributed TEM struc-

tures by first mapping the inductors and capacitors to equivalent short cir-

cuit and open circuit transmission lines. The mapping function is called
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Richard’s transformation [12] and is given by

S = jΩ = j tan
πω

2ω0
. (3.17)

An important difference between lumped element and distributed el-

ement filters obtained through the transformation is that the distributed

structure has a periodic frequency response which is related to the length

of the transmission line. This means that a lumped element lowpass fil-

ter can be transformed directly to a transmission line bandstop filter and a

highpass filter can be transformed to a transmission line bandpass filter. For

example, Figure 3.8 [17] shows how a lumped component highpass filter pro-

totype is mapped into a distributed element bandpass filter using Richard’s

transformation.

Figure 3.8: Mapping properties of the transformation Ω = tan πω
2ω0

(a) Proto-
type lumped element highpass (b) Corresponding distributed element band-
pass.

Although Richard’s transformation provides a way to map lumped ele-

ment filters to distributed element filters, the resulting structures are usually

difficult to implement because series elements map to series stubs. Fabri-

cating series stubs is much more difficult than shunt stubs. Therefore, it

is desirable to continue transforming the distributed circuit into a more

convenient form. Kuroda’s identities [12] are very useful for making these
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transformations and it enables the synthesis of filter structures that consist

of entirely shunt stubs.

The implementation of TEM filters can be carried to structures other

than shunt stubs and often coupled transmission lines are preferred. For a

pair of coupled lines there are ten different possible configurations that can

be synthesized using only open and short terminations on the four port de-

vice [14]. Models for coupled lines can be found in many different references

and a coupled line diplexer implementation is used in this work which is

modeled on Wenzel’s original paper [16].

But in the case of TEM distributed components, the diplexer design pro-

cedure is not straight forward. The main problem is related to the common

input connection between two complementary filter branches. For example,

in the case of doubly terminated parallel coupled narrow-band bandpass fil-

ters, we could obtain reasonable impedance levels by adding a redundant

unit element of Z0 to both the source terminal and load terminal. The addi-

tion of redundant elements does not change the transfer amplitude, it only

alters the transfer phase. But, in case of singly terminated filter design,

which is the key condition for complementary diplexers, we cannot apply a

redundant unit element at the source terminal. A unit element can be placed

at the common input terminal, but it cannot be shifted past the junction

because this would then mean that the filter branches are no longer singly

terminated. Therefore standard techniques to transform lumped element

filters into distributed element filters cannot be applied at the source end of

a singly terminated filter.

As a way around this problem, Wenzel proposes the addition of a cou-

pled line to maintain the complementary impedance condition [16]. The

coupled line shown in Figure 3.9(a) has four physical ports and the struc-
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ture is equivalent to a three port network shown in Figure 3.9(b). Port 1 is

the common input, port 2 the complementary bandstop port, port 3 is the

bandpass port and port 4 is open circuited. The three port network satisfies

the necessary conditions for the common input terminal. The unit element

Z0 = 1 has not been moved beyond the junction. The coupled line structure

also adds a degree of freedom in the design by creating a transformer to

change impedance levels in the bandpass filter branch where the turns ratio

n can be equated to the even and odd mode impedance of the coupled line.

Design equations for a coupled line complementary diplexer are summarized

next.

Figure 3.9: Parallel connection for bandpass/bandstop complementary
diplexer (a) Physical realization (b) Equivalent circuit.
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The transfer function for a complementary diplexer satisfies the following

equation [17]

|Y12|2 =
1

1 + |ρ|2/|t|2
(3.18)

where ρ is the input reflection coefficient and t is the transmission coefficient.

For a Butterworth filter, the attenuation characteristic of the corresponding

functions for |ρ|2/|t|2 are

HP:
|ρ|2

|t|2
=

(
Sc
S

)2M(√1− S2
c

1− S2

)2N

(3.19)

LP:
|ρ|2

|t|2
=

(
Sc
S

)2M( S
Sc

√
1− S2

c

1− S2

)2N

(3.20)

where HP denotes highpass and LP denotes lowpass. In these equations, S

is a complex frequency variable that is given by Richard’s transformation

S = j tan θ (3.21)

where θ is a normalized frequency that depends on the physical length of

the transmission line. The complex frequency Sc corresponds to the cut-off

frequency of the lowpass/highpass filters. The variable M corresponds to

the number of LC element pairs in the lowpass prototype, and N is the

number of redundant unit elements Zo introduced into the transformation

of the design from lumped elements to distributed elements using Kuroda’s

transformations. So, for a two-section (n = 2) filter pair, the number of LC

element pairs in the lowpass filter is M = 1 and the number of unit elements

added to the transformation is (n − 1) = N = 1. Substituting these values

into equations (3.18) and (3.19), the transfer function of the highpass filter
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section is

|Y12|2HP =
1

1 +

(
Sc
S

)2(
1−S2

c
1−S2

)
=

−S2(1− S2)

−S2(1− S2) + k2
(3.22)

where

k2 = −S2
c (1− S2

c ) = tan2 θc sec2 θc. (3.23)

The next step is to find the transfer admittance function, Y12HP . It can

be obtained from equation (3.22) by factoring the denominator and re-

arranging the left half plane poles. Thus,

|Y12|2HP = Y12(S)Y12(−S)

=

[
S
√

(1− S2)

S2 +
√

(1 + 2k)S + k

][
−S
√

(1− S2)

S2 −
√

(1 + 2k)S + k

]
. (3.24)

Then, by applying the Brune-Gewertz procedure [18], we can get YinHP from

Y12HP as

YinHP =
S2 + 1+k√

1+2k
S

S2 + (
√

1 + 2k)S + k
. (3.25)

Here, the network has one LC element pair in the lowpass prototype and

one unit element is added in the transformation from lumped elements to

distributed elements. So, the network can be synthesized by one application

of Richard’s theorem. The effect of adding a redundant unit element can be

removed using a simple pole removal procedure given in [17] which leads to

a more efficient distributed structure without redundant unit elements. The
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synthesized non-redundant network is shown in Figure 3.10(a) where

Co =
1 + k

k
√

1 + 2k
(3.26)

Z =

√
1 + 2k

1 + k
(3.27)

R =
1 + 2k

(1 + k)2
(3.28)

Note that in the non-redundant network form the terminal impedance is R

and not unity.

Figure 3.10: (a) Equivalent circuit for a non-redundant singly terminated
bandpass filter section. (b) Bandpass filter with the addition of a redun-
dant unit element to restore the terminal impedance to unity. (c) Singly
terminated lumped element lowpass (distributed element bandstop) filter.
(d) Equivalent circuit of the final diplexer with no redundant unit elements.

It is clear from equation (3.28) that in a non-redundant form the load

resistance for the parallel coupled filter would no longer be unity. Unity

impedance can be restored by adding a redundant capacitor and then using

Kuroda’s identity [12] to transform back to unity load impedance. This step
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is shown in Figure 3.10(b).

Substituting the value of YinHP from equation (3.24) into (3.4), we can

get an expression for the complementary lowpass filter from the highpass

filter function. Therefore:

YinLP = 1− YinHP =

k√
(1+2k)S+k

S2 +
√

(1 + 2k)S + k
. (3.29)

As |Y12LP |2 has all its zeros at S = j∞, the corresponding network is a

two-section LC ladder which can be synthesized by two pole removals [17]

and the synthesized lowpass configuration is shown in Figure 3.10(c) where

L =

√
1 + 2k

k
(3.30)

C =
1√

1 + 2k
. (3.31)

The lowpass section can be combined with the highpass section to form a

complementary diplexer with the equivalent circuit shown in Figure 3.10(d).

Figure 3.11 shows the final practical equivalent circuit diagram with redun-

dant unit elements and two ideal transformers with arbitrary turns ratio of

n.

A disadvantage of the final equivalent circuit in Figure 3.11 is that the

turns ratio n requires coupled line structures with unequal widths. An

implementation with equal strip widths is preferred and additional trans-

formations are applied to achieve this goal. The procedure is again based

on Wenzel’s work where he defines an elastance matrix, a matrix composed

of the inverse of coupled line capacitances. The elastance matrix can be

scaled to maintain the terminal impedances while equalizing internal filter

impedances so equal width parallel coupled lines can be implemented. The
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reader is referred to Wenzel’s paper [16] for details and a summary of the

scaling procedure is given in Appendix A.

Figure 3.11: Practical diplexer equivalent circuit.

A two-section diplexer with a center frequency of 1 GHz and a relative

bandwidth of 5.75% is designed. The design is shown in Figure 3.12. Each

unit element has an electrical length of θc = 87.1 degrees, very close to a

quarter wavelength. Convenient dimensions for equal width strips were ob-

tained for bandpass filter sections using elastance matrix scaling techniques

with n2 = 0.248 and n3= 0.3446. Kuroda’s identity can then be used to

obtain the redundant bandstop configuration shown in Figure 3.12(b). The

final S-plane equivalent circuits for both the bandpass and bandstop filters

are shown in Figure 3.12(c).

The corresponding physical realization of the bandpass [14] and bandstop

filters with coupled line sections are obtained using the technique shown in

Figure 3.13. Coupled lines with equal strip widths are used for both filters.

The width of the strips and the gap spacing are calculated from the even

and odd mode impedances of the coupled line. The impedances are related

to the equivalent circuit values for L and C shown in Figure 3.12 using the
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Figure 3.12: Design of a two-section complementary diplexer for a center
frequency of 1 GHz and 5.75% bandwidth. (a) Equivalent circuit for a two-
section diplexer. (b) One of the Kuroda’s identity. (c) S- plane equivalent
circuit filter branches.

following equations:

Z0o(bandpass) =
1

C
(3.32)

Z0e(bandpass) = 2(Z0 +
1

C
)− Z0o(bandpass). (3.33)
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Z0o(bandstop) = L+ Z0 −
√

(L+ Z0 + Za)L (3.34)

Z0e(bandstop) = L+ Z0 +
√

(L+ Z0 + Za)L (3.35)

Za <
Z0(Z0 + L)

L
. (3.36)

The physical realization of the bandstop filter contains one more param-

eter, Za, and this is a free parameter in the design. Convenient dimensions

of Za can be determined to facilitate the implementation using a quarter

wave transmission line. Note that each bandstop resonator can be tuned

over a 5 to 10 percent frequency range by changing the length of this quar-

ter wave transmission line. This allows simple alignment of the diplexing

filter. Figure 3.13(c) shows the complete physical realization of the stripline

bandpass/bandstop complementary diplexer.

A photograph of the prototyped stripline bandpass/bandstop diplexer is

shown in Figure 3.14. The even and odd mode impedances for each coupled

line section as well as the physical dimensions of the traces are tabulated

in Table 3.2 and Table 3.3, respectively. The diplexer was fabricated on a

Rogers R4350 1.5 mil substrate and the substrate parameters are given in

Table 3.4.

The design was simulated in ADS. First a schematic with distributed

transmission line models was used to verify the initial design, then the de-

sign was optimized in Agilent’s electromagnetic simulator called Momentum.

The simulation results for both the schematic and electromagnetic models

are shown in Figure 3.15 and Figure 3.16 respectively. Both simulation mod-

els are in close agreement with each other which shows that the distributed

transmission line models in the schematic are accurate.
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Figure 3.13: (a) Bandpass section equivalent circuit for equal strip width
coupled lines. (b)Bandstop section equivalent circuit for equal strip width
coupled lines. (c) Complete physical realization of the stripline complemen-
tary diplexer (not drawn to scale).
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Measurement results for the diplexer are shown in Figure 3.17. The

experimental results deviate from the simulated results primarily in terms

of the insertion loss and return loss of the bandpass filter. The difference was

tracked down to a fabrication fault where the traces on the board were over

etched by 2 mil. As shown in Table 3.3, the coupling gap for CL3 is 7 mil

and the gap for CL1 is 15.4 mil. An over etch of 2 mils is a significant error

especially for narrow gap spacing and this increased the insertion loss of the

filter. The impact of over etching the board was verified by re-simulating

the design in Momentum with a 2 mil etching error. The results are shown

in Figure 3.18 and confirm the increase in insertion loss. A different board

vendor is recommended for future spins of the diplexer design. A summary

of modeled and measured results for the complementary diplexer is given in

Table 3.5.

Table 3.2: Complementary Diplexer design parameters (even and odd mode
impedances).

Filter Type Coupled Line Even Mode (Ω) Odd Mode (Ω)

Bandpass CL1 62.4 37.60
CL2 43.31 34.76
CL3 67.23 32.77

Bandstop CL4 70.96 32.75
CL5 64.98 38.47
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Input Port

Bandpass
Reconstruction

Filter Output Port

Bandstop
Output Port

CL1
CL2 CL3

CL4

TL1

CL5

TL2

Figure 3.14: Photograph of the stripline complementary diplexer.

Table 3.3: Diplexer design parameters (physical dimensions).

Filter Type Coupled Line Length (mil) Width (mil) Gap (mil)

Bandpass CL1 1571.8 55.9 15.4
CL2 1559.8 67.3 48.4
CL3 1571.8 58.6 7.0

Bandstop CL4 1585.1 55.1 7.1
CL5 1598.8 58.6 16.7
TL1 1590.1 65.8 -
TL2 1590.1 65.8 -
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Table 3.4: Substrate process parameters.

Parameters Values

Substrate Thickness 60 mil
Dielectric Constant, εr 3.48
Dissipation Factor, δ 0.0031

Copper Thickness 1.4 mil

Figure 3.15: Simulated results for the complementary diplexer using
schematic models.
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Figure 3.16: Simulated results for the complementary diplexer using an
electromagnetic simulator (Momentum).

Figure 3.17: Measured results for the complementary diplexer.
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Table 3.5: Summary of simulation and measured results for the complementary diplexer.

Parameters Schematic Momentum Experiment Momentum
(with 2 mil over etch)

Center frequency (MHz) 1000 1003 1010 1004
Relative -3 dB Bandwidth (MHz) 57.5 60 65 61

Insertion loss (dB) -0.653 -0.702 -2.1 -1.0
Maximum Return loss (dB) -30.3 -19.1 -10.0 -15.0
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Figure 3.18: Simulated results for the complementary diplexer using Mo-
mentum and assuming a 2 mil over etch.
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Chapter 4

Results

In chapters 2 and 3, the design of the power amplifier switching circuit

and the output diplexer were described. In this chapter, simulation and

experimental results for these design are presented.

The chapter begins with a description of the source signals which are

used for evaluating the the SMPA designs. In the remaining sections of the

chapter, experimental results are shown for each of the three power ampli-

fier designs using different source signal waveforms. Finally, a concluding

section presents a comparison of the different designs and summarizes the

conclusions from experimental measurements.

4.1 Input Signal Types

Before going to the main results, the types of source signals used to

evaluate the SMPA performance are described. Three types of source signals

were used for measurements:

• a sinusoidal or continuous wave (CW) signal for 50% duty cycle tests;

• periodic pulse trains with 25%, 50% and 75% duty cycles generated by

a Xilinx Vertex-II FPGA (field programmable gate array) development

board;

86



4.1. Input Signal Types

• pseudo-random (non-periodic) bit patterns generated by a Centellax

TG1B1-A 10 G PRBS test pattern generator.

4.1.1 Periodic 50% Duty Cycle Test Signal

A 50% duty cycle periodic test signal is generated by applying a sinu-

soidal input signal to the driver input. The driver has 35 dB of gain and

a 0 dBm sinusoidal input signal is clipped to a square wave output signal.

Examples of the sinusoidal source signal and the driver output signal for a

frequency of 1 GHz are shown in Figures 4.1 and 4.2.

Figure 4.1: A 0 dBm 1 GHz sinusoidal source signal measured with a high
speed oscilloscope.
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4.1. Input Signal Types

Figure 4.2: Measured driver response for a 1 GHz CW input signal across a
50 Ω load.

4.1.2 Periodic Test Signals with Variable Duty Cycle

Variable duty cycle pulse trains were synthesized using a Xilinx XUP

Virtex-II development system. Standard code is available for this platform

to read a 40 bit pattern from memory out a Rocket I/O port which is

clocked at 1.5 GHz. Since each bit is clocked at 1.5 GHz, a periodic 40

bit sequence generated would be much too low in frequency to evaluate

the SMPA designs. The low frequency response of the SMPA is limited

by the bandwidth of the drain bias circuit, and for the designs described

in Chapter 2, frequencies above 200 MHz are useful. Therefore, the Xilinx

platform was configured to output a four bit pattern which was used to

synthesize 25%, 50%, and 75% pulse trains at a frequency of 375 MHz.

An eight bit sequence generating an alternating 25% then 75% duty cycle

pattern was also generated. The purpose of this waveform is to have a
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4.1. Input Signal Types

varying duty cycle that is more representative of non-periodic pulse trains.

Measured waveforms at the output of the Xilinx development board are

shown in Figure 4.3 to Figure 4.6.

Figure 4.3: Periodic pulse train with a 25% duty cycle at a frequency of
375 MHz.

4.1.3 Pseudo-random (Non-periodic) Test Signals

Given that one of the primary goals of this research was to improve the

power efficiency of SMPAs under non-periodic switching conditions, it was

important to make measurements with non-periodic signals. Unfortunately,

a high speed arbitrary waveform generator was not available to enable test-

ing with encoded pulse trains using sigma-delta modulation or pulse position

modulation. However, a high speed pseudo-random bit sequence (PRBS)

pattern generator was available and measurements were made using this

waveform. The PRBS generator was a Centellax TG1B1-A 10 G bit er-

ror rate test (BERT) set which could generate data at rates from 0.5 to
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4.1. Input Signal Types

Figure 4.4: Periodic pulse train with a 50% duty cycle at a frequency of
375 MHz.

Figure 4.5: Periodic pulse train with a 75% duty cycle at a frequency of
375 MHz.

12.5 Gb/s. Patterns with sequence lengths of 27 bits to 232 bits could be

generated. A 1 Gb/s was close the the highest frequency that the driver
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4.1. Input Signal Types

Figure 4.6: Periodic pulse train with a combination of 25% and 75% duty
cycle at a frequency of 375 MHz.

could amplify in the SMPA.

A significant limitation of using PRBS patterns is that the spectral power

is concentrated at low frequencies and was not matched with the bandwidth

of the drain bias circuit in the SMPA. As shown in Chapter 2, the drain

bias circuit had a low frequency bandwidth around 200 MHz, while the

PRBS has spectral power down to DC as shown by the spectrum analyzer

plot in Figure 4.8. PRBS patterns are baseband pulses and used in data

communication applications while the SMPA has a bandpass response with

low frequency limits created by DC coupling capacitors and the drain bias

circuit. As shown in Figure 4.8, the power spectrum has a sin(x)/x envelope

created by the square pulses. Clearly the energy in the low frequency range

below 200 MHz is reduced as the clock rate of the PRBS pattern is increased

and testing with different clock rates were made. Despite the low frequency

limitation of the PRBS signal, it provides useful insight into the operation
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4.2. Results for Design 1

Figure 4.7: A pseudo-random bit sequence (PRBS) generated by a Centallax
TG1B1-A 10G bit error rate test unit. The clock frequency is 1 GHz.

of the SMPA and test results are presented for each of the SMPA designs.

4.2 Results for Design 1

4.2.1 SMPA performance with a 50% duty cycle periodic

test signal

Design 1 is first characterized using a sinusoidal source signal. As de-

scribed earlier, the driver clips the sine wave and generates a square wave

gate drive signal. The gate signal switches the power device in the SMPA

and the current and voltage waveforms across the switch are expected to

follow the gate drive signal. An example of the output waveform measured

at node C (see Fig.1.9, page 18) is shown in Figure 4.9. The measurement
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Figure 4.8: Measured power spectral density (PDS) of the PRBS generator
at 1 GHz frequency.

is made by connecting a 40 dB power attenuator in series with the SMPA

output at node C and then connecting the output signal to a high speed

oscilloscope, Tektronix model DP070804B. The measured waveform shows

a switched periodic signal with good bandwidth at a switching frequency

of 1 GHz. For comparison, simulated results are shown in Figure 4.10 for

a drain supply voltage of 25 V, the same supply voltage for the measured

waveform shown in Figure 4.9.

Power efficiency is the primary metric which is used to evaluate the

performance of the SMPA. A commonly reported efficiency is called drain

efficiency which is defined as the ratio of the output load power over the

total drain supply power. Drain efficiency is given by

η =
Pout
Pin

. 100% (4.1)
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4.2. Results for Design 1

Figure 4.9: Measured output voltage waveform at node C in Design 1 for a
1 GHz CW input signal. The drain voltage is 25 V.

Figure 4.10: Simulated switching voltage and current waveforms at node B
for a 1 GHz CW input signal.
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where

Pin = VDDIDC (4.2)

and

Pout =
VLIL

2
. (4.3)

In these equations VDD is the drain bias voltage, IDC is the drain bias

current, VL is the peak load voltage, and IL is the peak load current. For

the measurement shown in Figure 4.9, the load power at node C is 10.4 W

and the drain supply power is 15.5 W. Therefore, 3.9 W is dissipated in the

switch and the drain efficiency is approximately 67%.

Since there is no amplitude control in a SMPA other than changing duty

cycle or using encoded pulse trains, the output power is related to the drain

supply voltage. As a way to effect a change in load power with a 50% duty

cycle test signal, the drain supply voltage is varied. This method is used

in all the results shown because encoded test signals were not available for

experimental work. Later, in chapter 5, simulation results are presented

using the SMPA model to show examples of the performance using encoded

pulse trains.

A comparison of measured and simulated results of drain efficiency ver-

sus drain supply voltage at a frequency of 1 GHz is shown in Figure 4.11.

For these results, load power was measured using a Gigatronics 8541 power

meter with a broadband true RMS power head, model 80330A, connected to

the output of the SMPA at node C through a 40 dB power attenuator. The

simulated drain efficiency curve is quite flat over the entire drain voltage

range while the experimental drain efficiency curve starts to drop at high

output power. The main reason for the deviation between the simulated

and experimental results at high power is because the dissipation in the DC
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4.2. Results for Design 1

blocking capacitor (Cs) starts to become significant. Power loss is evident

and the capacitor gets warm at high output power. Very high Q capaci-

tors could reduce dissipative losses at high power. Simulated and measured

results are similar and the average efficiency is approximately 65%.

The same drain efficiency data shown in Figure 4.11 as a function of load

power is shown in Figure 4.12. Measurements of drain efficiency versus out-

put power are much more useful for comparison with other power amplifier

circuits. As shown in Figure 4.12, power efficiency is relatively constant up

to a power of 40 dBm (10 W) which is the rated power of the device as given

by the Cree. Above 40 dBm, power efficiency drops as the device is driven

deep into compression.
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Figure 4.11: Drain efficiency versus drain voltage for a CW source signal at
1 GHz. Measured and simulated data are shown.

Next, the drain efficiency for different frequencies are compared over

a frequency range from 375 MHz to 1.1 GHz. Frequency in the context of

these measurements refers to the fundamental frequency of a periodic square
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Figure 4.12: Drain efficiency versus output power for a CW source signal at
1 GHz. Measured and simulated data are shown.

wave signal with a duty cycle of 50%. Figure 4.13 shows the measurement

results for Design 1. The purpose of this test was to measure the power

efficiency over a broad frequency range to evaluate the bandwidth of the

driver. At 375 MHz, the average efficiency is approximately 75% while at

1.1 GHz the average efficiency is approximately 55%. For other frequency

ranges between 375 MHz and 1.1 GHz, the power efficiency is in the range

of 67%. The broad frequency range over which power efficiency is relatively

constant is consistent with the broadband design methodology that was used

for Design 1. Figure 4.14 shows the same drain efficiency measurements

versus output power. Power efficiency is approximately 68% over a range of

output power from 30 dBm to 40 dBm.
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Figure 4.13: Comparison of the measured drain efficiency versus drain volt-
age for different CW frequencies.
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Figure 4.14: Comparison of the measured drain efficiency versus output
power for different CW frequencies.
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4.3 SMPA performance with periodic switching

signals

The next experiments which are discussed use periodic pulse trains gen-

erated from the Xilinx FPGA development board described earlier in sec-

tion 4.1.2. Measurement results are summarized in Figures 4.15 and 4.16.

In Figure 4.15, an example of the input waveform from the FPGA board

is shown together with the output waveform measured at node C through

a 40 dB power attenuator. The alternating 25/75% duty cycle test pattern

is shown. Unlike the output signal at 1 GHz shown earlier in Figure 4.6,

a low frequency wander (decrease in amplitude) is evident on the slopes of

the long pulses. Since this signal pattern is generated by 8 bit sequences at

a clock rate of 1.5 GHz, the period of the waveform is 187.5 MHz. The low

frequency content in the signal is impacted by the low frequency response

of the drain bias circuit and there is a noticeable shift in bias point over

the duration of the pulse. A ‘stiffer’ broadband drain bias would reduce

the wander; however, as long as the zero-crossings are not shifted too much,

minimal distortion is expected. Clearly, the spectrum of the pulse train and

the bandwidth of the bias network need to be matched; this is an area that

is recommended for future research.

In Figure 4.16, a comparison of drain efficiency versus output power

is shown for four different periodic pulse trains. The measured input and

output waveforms for the 25/75% signal are shown in Fig. 4.15. Note that

output power is changed by adjusting the drain supply voltage similar to the

measurements made with a sinusoidal source. An important observation in

this data set is that the characteristics for the 50% duty cycle square wave

and the alternating 25/75% duty cycle square are nearly identical. Both
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4.4. SMPA performance with Pseudo-random bit sequences

signals spend an equal amount of time in the on or off state, so conduction

(IR) losses in the switch are approximately the same. Although switch

timing is much more variable in the 25/75% signal, power efficiency is similar

to a 50% duty cycle square wave. This result is expected and consistent with

the design approach to implement a broadband match and desensitize power

efficiency relative to changes in the pulse pattern. The measurements also

clearly show that a 75% duty cycle signal results in lower power efficiency

than a 25% duty cycle signal. In the former case, the switch is on for 75% of

the time, while the switch is only on for 25% of the time in 25% duty cycle

signal. Conduction losses in the power switch are reduced for a reduction in

duty cycle and the measurements show that power efficiency is higher for a

low duty cycle waveform.

4.4 SMPA performance with Pseudo-random bit

sequences

Test results so far have been shown for Design 1 using periodic test pat-

terns and results are now shown for random PRBS signals using the Cental-

lax test set. As shown earlier in section 4.1.3, PRBS signals have significant

low frequency energy that falls outside the bandwidth of the drain bias. The

low frequency energy in the signal creates wander in the amplified pulse train

at the drain of the power switch as shown in Figure 4.17. The measurement

results are confirmed by simulation models as shown by the simulated out-

put waveform shown in Figure 4.18. Similar to the experimental results,

the low frequency wander is evident. To confirm that the bandwidth of the

drain bias circuit causes the wander, a plot of the simulated gate signal is

shown in Figure 4.19. The waveform has no baseline wander and the ringing
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4.4. SMPA performance with Pseudo-random bit sequences

Figure 4.15: Measured waveforms for a 375 MHz input signal with alternat-
ing 25% and 75% duty cycle pulses. The top trace is the input signal from
the FPGA board and the bottom signal is the output waveform at node C
in the SMPA.

is caused by gate and lead inductance. A similar measurement of the gate

signal is not available as it is very difficult to measure this waveform in the

circuit.

Next, Figures 4.20 and Figure 4.21 show a comparison of simulated and

experimental results for a 1 GHz PRBS signal. Over a broad range of drain

supply voltages from 8 V to 35 V, drain efficiency is relatively constant in

the range of 65%. A comparison of these results with Figure 4.11 for a

sinusoidal source signal shows that power efficiency is similar. Design 1 has

a broadband output match and therefore drain efficiency is expected to be

relatively insensitive to the type of switching waveform.

Since the PRBS pattern has low frequency energy that falls outside the
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Figure 4.16: Drain efficiency versus output power at 375 MHz for different
duty cycles (DUC means duty cycle).

Figure 4.17: Measured output voltage waveform at node C for a 1 GHz
PRBS input signal.

bandwidth of the drain bias circuit, it is expected that as the data rate is

reduced, the drain efficiency will decrease. Measurements of drain efficiency
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4.4. SMPA performance with Pseudo-random bit sequences

Figure 4.18: Simulated output voltage waveform at node C for a 1 GHz
PRBS input signal.

Figure 4.19: Simulated gate voltage waveform for a 1 GHz PRBS input
signal.
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Figure 4.20: Drain efficiency versus drain voltage for a PRBS source signal
at 1 GHz. Measured and simulated data are shown.
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Figure 4.21: Drain efficiency versus output power for a PRBS source signal
at 1 GHz. Measured and simulated data are shown.
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for different data rates are shown in Figures 4.22 and 4.23. Both figures

show that drain efficiency reduces as the data rate is reduced from 1 Gb/s

to 375 Mb/s.
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Figure 4.22: Measured drain efficiency versus drain voltage for different
PRBS data rates.
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Figure 4.23: Measured drain efficiency versus output power for different
PRBS data rates.

4.5 Results for Design 2

As described in chapter 2, Design 2 is a modification of Design 1 where

the bias inductor Lp1 is selected to resonant with the effective output capac-

itance of the device. The resonant output circuit decreases the bandwidth of

the output stage of the SMPA. A comparison of the bandwidth between the

different designs is shown in Figure 4.37 (see section 4.7.1) and the band-

width of Design 2 is approximately 2.4 GHz compared to a bandwidth of

5.4 GHz for Design 1. The tuned output stage boosts drain efficiency for

source signals with significant spectral energy within the bandwidth of the

tuned output stage. Conversely, drain efficiency is reduced for source signals

with spectral energy that falls outside the bandwidth of the output stage.

Experimental results confirm these hypotheses and are discussed next.
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4.5.1 SMPA performance with sinusoidal source signals

The tuned output stage in Design 2 limits the bandwidth of the load

signal measured at node C. This is shown in Figure 4.24 and the waveform,

ideally a 50% duty cycle pulse train, now has harmonic roll-off. However, the

benefit of the tuned stage is shown by drain efficiency plots in Figures 4.25

and 4.26. Drain efficiency and output power peak at a frequency of 1 GHz

which is where the tuned output stage was designed to resonate. A drain

efficiency of 72% is measured at an output power of 10 W (40 dBm) which

corresponds to a drain supply voltage of 31 V. Both figures also show that

similar performance is measured at 900 MHz, and that further decreases

in the source frequency reduce drain efficiency. Also, drain efficiency starts

to decrease from a maximum at 1 GHz as the frequency is increased. The

upper frequency limit is a combination of the bandwidth limitations in the

driver as well as the tuned output stage. A comparison between simulated

and measured results is shown in Figure 4.27 as a function of drain supply

voltage. The simulation model and experimental results match quite well

and validate the simulation model.

4.5.2 SMPA performance with Pseudo-random bit

sequences (PRBS)

Experimental results for a PRBS test pattern are shown in Figure 4.28.

Since the bandwidth of Design 2 is less than Design 1, power efficiency is

lower because the spectrum of the PRBS pulse train is wide. Drain effi-

ciency peaks for patterns with data rates near 1 Gb/s and corresponds to

a compromise between low frequency cutoff in the drain bias circuit and

high frequency cutoff in the output circuit. A comparison of simulated and
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Figure 4.24: Measured output voltage waveform at node C for a 1 GHz CW
input signal.
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Figure 4.25: Comparison of the measured drain efficiency versus drain volt-
age for different CW frequencies.

experimental results is shown in Figure 4.29. The simulation results over

estimate efficiency by 5-10% depending on the supply voltage.
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Figure 4.26: Comparison of the measured drain efficiency versus output
power for different CW frequencies.
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Figure 4.27: Drain efficiency versus drain voltage for a CW source signal at
1 GHz. Measured and simulated data are shown.
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Figure 4.28: Measured drain efficiency versus drain voltage for different
PRBS data rates.
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Figure 4.29: Comparison of simulated and experimental results for Design 2
using a PRBS source signal at 1 GHz.
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4.6 Results for Design 3

In Design 3, an output matching circuit is implemented to transform 50 Ω

to an optimum load impedance of 33.3 Ω. The purpose of transforming the

load impedance is to improve the utilization of the device and increase the

power delivered to the load. However, the matching circuit also limits the

bandwidth of the output circuit and the bandwidth of Design 3 is narrower

than Design 2. Experimental results with sinusoidal and PRBS test patterns

are presented next.

4.6.1 SMPA performance with a sinusoidal source signal

Figure 4.30 shows the output signal at node C for a 1 GHz sinusoidal

input signal. The drain supply voltage is 25 V. Compared to Designs 1

and 2, the waveform is nearly sinusoidal and the limitations in bandwidth

are evident. The bandwidth of the output circuit is 1.8 GHz, and harmonics

are significantly attenuated.

Drain efficiency versus supply voltage and output power are shown in

Figures 4.31 and 4.32 respectively. Overall, drain efficiency for Design 3

is slightly better than Design 2 for all frequencies which shows that the

improvement in output match has increased the output power. With respect

to Figure 4.32, the average drain efficiency is approximately 67% which is

the best performance for a frequency of 1 GHz frequency.

A comparison between the simulated and experimental results for a fre-

quency of 1 GHz is shown in Figure 4.33.
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Figure 4.30: Measured output voltage waveform at 1 GHz frequency for CW
excitation.
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Figure 4.31: Comparison of the measured drain efficiency versus drain volt-
age for different CW frequencies.
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Figure 4.32: Comparison of the measured drain efficiency versus output
power for different CW frequencies.
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Figure 4.33: Drain efficiency versus drain voltage for a CW source signal at
1 GHz. Measured and simulated data are shown.
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4.6.2 SMPA performance with Pseudo-random bit

sequences (PRBS)

Experimental results for Design 3 with a PRBS test pattern are shown

in Figures 4.34 and 4.35. The average drain efficiency is around 45% from

375 MHz to 1.1 GHz frequency range for the entire voltage span. All the

drain efficiency traces follow a similar pattern: at low output power, the

drain efficiency is high and drain efficiency then decreases as output power

increases.
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Figure 4.34: Comparison of the measured drain efficiency versus drain volt-
age for PRBS pulse trains.

Figure 4.36 shows a comparison between simulated and experimental

drain efficiency for a frequency of 1 GHz. The average drain efficiency

predicted by the simulation model is around 60% while experimental results

are lower around 45%.
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Figure 4.35: Comparison of the measured drain efficiency versus output
power for PRBS pulse trains.
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Figure 4.36: Drain efficiency versus drain voltage for a PRBS source signal
at 1 GHz. Measured and simulated data are shown.
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4.7 Design Comparison Summary

A summary of the three designs is presented in the following sections.

The purpose of the summary is to highlight the trade-offs in the different

designs and draw conclusions from the experimental results.

4.7.1 Bandwidth Comparison

The objective in Design 1 was to maximize the bandwidth of the SMPA

by implementing a simple output network that consists of a broadband drain

bias circuit and an AC coupled output to a 50 Ω transmission line. In De-

sign 2, the objective was to demonstrate that power efficiency could be

improved by tuning the output bias circuit to resonant with the output ca-

pacitance of the switch. The resonate circuit compromised bandwidth to

gain efficiency. In Design 3, the objective was to improve the utilization of

the power device by implementing a matching network to transform 50 Ω

to the optimum load match of 33.3 Ω. The matching circuit that was im-

plemented had a bandwidth that was narrower than both Designs 1 and 2.

The frequency response for each of the SMPA output networks is shown in

Figure 4.37 and a summary of the bandwidth for each design is tabulated in

Table 4.1. Simulation results are shown because the network analyzer which

was available had an upper frequency limit of 1.5 GHz while a much larger

frequency span could be generated in the simulator.

Table 4.1: Bandwidth comparison for SMPA designs.

Design -3 dB Bandwidth (GHz)

Design 1 5.4
Design 2 2.4
Design 3 1.8
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4.7. Design Comparison Summary

Figure 4.37: Output network bandwidth comparison for the three SMPA
designs.

The simulated results for the bandwidth of each design are consistent

with measurements of the output waveform at node C. If a comparison of

Figures 4.9, 4.24 and 4.30 are made in Figure 4.37, it is clear that the

output network becomes progressively narrower. In Design 1, the output

was very broadband and a square wave signal with good harmonic content

is observed while in Design 3, the output is nearly sinusoidal.

4.7.2 Comparison of Results for Sinusoidal Source Signals

A comparison of the output power versus the drain supply voltage for

all three designs is shown in Figure 4.38. The power corresponds to mea-

surements made at node C at a frequency of 1 GHz. Design 1 has the
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4.7. Design Comparison Summary

largest output signal bandwidth and the output power spectrum is there-

fore broader than Design 2 and 3. Since the measured power at node C is

the total power in the spectrum, Design 1 has the highest output power.

Design 2 and Design 3 are very similar with slightly less power. The tuned

output stage in Design 2 increases the efficiency of the SMPA for signals

within the bandwidth of the SMPA but attenuates harmonic power. The net

effect in Design 2 is an output power which is slightly less than in Design 1.

Design 3 has an even narrower bandwidth than Design 2 but the device

match is improved to increase the output power delivered by the device.

The bandwidth reduction which reduces harmonic power combined with the

change in match to Ropt provides similar power characteristics compared to

Design 2.
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Figure 4.38: Comparison of measured output power for SMPA designs at
1 GHz with a CW signal.

The corresponding power efficiency characteristics for the three different

designs are shown in Figure 4.39. Design 2 has the best drain efficiency
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4.7. Design Comparison Summary

characteristic which reduces loss associated with the output capacitance of

the device because a resonant tank is employed in the match. Design 3 also

exploits the concept of a tuned output stage combined with an optimum

match. However, the trade-off between bandwidth and power in Design 3

resulted in lower efficiency than Design 2. Design 1 has the lowest power

efficiency but the highest output power. Design 1 did not compensate for

the output capacitance of the device. Therefore, switching losses associated

with the charging and discharging add to losses in the switch. In a resonant

design, like Design 2, the losses are reduced because energy is exchanged

between the output capacitance Cp and the drain bias inductor Lp1 rather

than being dissipated in the switch.
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Figure 4.39: Comparison of measured drain efficiency for three different
design at 1 GHz CW frequency.
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4.8 Comparison of Results for PRBS Bit

Sequences

A comparison of the three designs with PRBS bit sequences is shown

in Figures 4.40 and 4.41. The measurements correspond to a data rate

of 1 Gb/s. The PRBS spectrum is broadband and therefore the output

power at node C is expected to be the highest for Design 1 since it has

the largest bandwidth. This is confirmed by results shown in Figure 4.40

(output power vs drain supply voltage). The results for Design 2 and 3 are

more difficult to predict in terms of conceptual arguments since Design 2 has

more bandwidth than Design 3 while Design 3 is matched to deliver more

power than Design 2. The experimental results show that Design 3 has

slightly more power than Design 2; however both Design 2 and 3 have less

power than Design 1 which shows that the output bandwidth of the SMPA

is important for maximizing output power. Drain efficiency for the PRBS

test pattern follows the same trend as output power. That is, the drain

efficiency of Design 1 is the best, followed by Design 3, and then Design 2.

4.8.1 Conclusions

Several conclusions can be made from the experimental work and these

lead to recommendations for future research activities. First, Design 1 shows

that a broadband output stage has the advantage of reducing the sensitivity

of drain efficiency to different switching waveforms. Power efficiency results

at a frequency of 1 GHz ranged from 57% to 73% for sinusoidal, periodic and

PRBS test signals for the entire voltage span. Secondly, Designs 2 and 3

showed that a tuned and optimally matched output network have merits

but the design implementations reduced bandwidth which offset some of the
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Figure 4.40: Comparison of measured output power for SMPA designs with
a 1 Gb/s PRBS signal.
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Figure 4.41: Comparison of measured drain efficiency for SMPA designs
with a 1 Gb/s PRBS signal.
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4.9. Results for Design 1 with a Complementary Diplexer

gains made by these circuit changes. In future work, it is recommended

that the trade-offs between bandwidth, tuning and optimum power match

be explored more thoroughly. For example, rather than implementing a

cascade of L-match circuits with distributed elements, it is proposed that

a design with a stepped impedance series transmission line be investigated.

Also, specially designed spiral inductors and high Q DC blocking capacitors

with high capacitance can be used to improve the bandwidth of the drain

bias circuit.

4.9 Results for Design 1 with a Complementary

Diplexer

So far all the measurements results which have been discussed were made

at node C. A broadband attenuator was connected to node C and measure-

ments with a power meter, oscilloscope or spectrum analyzer were then

made. Measurements with the diplexer load are now presented.

As shown in Figure 4.42, a complementary diplexer is used in the SMPA

architecture to provide in-band and out-of-band signal separation while si-

multaneously presenting a fixed broadband load to the output of the am-

plifier. In effect, the design concept is that the diplexer is equivalent to

a broadband load and the replacement of the output attenuator with the

diplexer should not change the performance of the SMPA. Since Design 1

has the largest output bandwidth, it is used for tests with the diplexer.

Figure 4.43 shows the drain efficiency of the complementary diplexer

referred to node C in Figure 4.42. The total power at the bandpass and

bandstop terminals were measured. The insertion loss of each diplexer fil-

ter branch was also measured. For the bandpass filter the insertion loss is
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4.9. Results for Design 1 with a Complementary Diplexer

Figure 4.42: Circuit diagram of the Design 1 SMPA with a complementary
diplexer.

approximately 2.18 dB and for the bandstop filter the insertion loss is ap-

proximately 0.3 dB. The output power and the insertion loss measurements

are then combined to determine what the total power in the system is at

node C. The power at node C is then used to calculate the drain efficiency

of the SMPA which is compared to the drain efficiency measured with an

attenuator instead of the diplexer. As shown in Figure 4.44 the sum of the

diplexer output power normalized for insertion loss is nearly identical to the

power efficiency measured with an attenuator. This shows that the com-

plementary diplexer presents a load impedance to the SMPA that is nearly

identical to a broadband load. In the next two chapters, additional results

which extend the evaluation of the SMPA with the diplexer are presented.
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Figure 4.43: Drain efficiency for Design 1 with complementary band-
pass/bandstop diplexer.
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Figure 4.44: Output power versus drain efficiency for Design 1 with a com-

plementary diplexer.
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Chapter 5

Pulse Encoded Responses

One of the primary motivations for this research work is to design a

RF switch-mode power amplifier architecture that can efficiently amplify

encoded pulse trains. A switch-mode power amplifier operates in a highly

nonlinear mode and amplitude variation in a modulated source signal will

experience severe distortion if the source signal is directly applied to the

input of the switch-mode amplifier. Linearity can be significantly improved

if the source signal is first encoded into a pulse train which can be efficiently

amplified, and then recovered at the output of the amplifier. The class of

possible encoders that are compatible with RF switch-mode amplifiers are

constrained by signal reconstruction. In most SMPAs a bandpass filter is

used for signal reconstruction. In this design, the bandpass filter is inte-

grated.

Most research in RF switch-mode power amplifiers has focused on using

bandpass sigma-delta modulation (SDM) as a source encoder. Sigma-delta

modulation uses a clocked quantizer to generate a two level encoded pulse

train that can be amplified. Since the quantizer is clocked, the timing of

zero-crossings in the pulse train are constrained by the clock period. The

constrained timing can limit the phase which can be encoded at the peak

amplitude of the source signal. Other encoding methods are possible which

improve coding efficiency at peak amplitude. One of these methods is called

125



5.1. Generation of Pulse Encoded Signals

noise shaped pulse position modulation, a design similar to SDM, except

that the clocked quantizer is replaced by a pulse generator which can be

triggered asynchronously.

A high speed arbitrary waveform generator was not available during this

research project which limited experimental testing to periodic pulse trains

and PRBS pulse trains as described earlier in chapter 4. In this chapter,

simulation models for the RF switch-mode power amplifier are used to pre-

dict the performance of the amplifier with encoded pulse trains. Matlab

was used to generate encoded pulse trains which were saved as input files

and then used in circuit simulations using ADS. The results of these circuit

simulations are described next.

5.1 Generation of Pulse Encoded Signals

5.1.1 Sigma-delta Modulation (SDM)

Bandpass sigma-delta modulation (SDM) [19] has been used by many

researchers as a source encoder. In a bandpass SDM encoder, a one bit

clocked quantizer is enclosed in a negative feedback loop with a noise shaping

filter as shown in Figure 5.1. The quantizer is gated by an external clock

s(t)
HRF (s)

Clock

p(t)

Sampling
Quantizer

Noise
Shaping Filter

Figure 5.1: Block diagram of a sigma-delta modulator (SDM).
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5.1. Generation of Pulse Encoded Signals

signal and in this work the clock frequency is 3.4 times the carrier frequency

(fc) of the source signal. The clocked quantizer constrains the timing of level

crossings in the output pulse train to be synchronous with clock transitions.

An example of a sinusoidal input signal and the corresponding SDM encoded

signal is shown in Figure 5.2. The thick black line is the pulse encoded signal

and the timing of level crossings is synchronous with the clock.

A fourth order spread zero noise shaping transfer function is used in this

SDM design. The transfer function of the noise shaping filter is

HRF (s) =

∑3
n=0 bns

n∑4
n=0 ans

n
(5.1)

and the values of the coefficients are given in Table 5.1. The encoder de-

signs were implemented in Simulink and output pulse trains were saved as

waveform files. The waveforms were then used in ADS to characterize the

drain efficiency of the SMPA under different modulator drive levels.

Figure 5.3 shows the output power spectrum of the sigma-delta modu-

lated signal with an overlay of the diplexer frequency response. The center

frequency is 1 GHz and bandwidth is 20 MHz. The SDM spectrum has a

significant amount of out-of-band power created by the quantization process

in the encoder and therefore the complementary diplexer is needed to ex-

Table 5.1: Noise shaping filter coefficient values for HRF (s).

n bn an

0 7.3874 X 1037 1.5584 X 1039

1 2.0201 X 1027 8.6858 X 1026

2 1.8850 X 1018 7.8962 X 1019

3 2.6147 X 107 2.2 X 107

4 0 1
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Figure 5.2: Timing diagram of the pulse encoded signals. Black (thick)
line shows the sigma-delta pulse trains and blue (thin) line shows the pulse
position pulse trains.
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Figure 5.3: Output power spectrum of sigma-delta modulator with diplexer.

tract that out-of-band power through the bandstop output terminal which

will help to enhance the overall power efficiency of the SMPA.
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5.1. Generation of Pulse Encoded Signals

5.1.2 Noise-shaped Pulse Position Modulation (PPM)

Another encoder which has better coding efficiency, especially, at large

source amplitude levels, is called noise shaped pulse position modulation

(PPM) [20]. Noise shaped PPM is a variation of bandpass SDM where

the clocked quantizer is replaced with an asynchronous pulse generator; see

Figure 5.4 for a block diagram. In this encoder, a pulse generator instead

of a clocked quantizer is enclosed in a negative feedback loop. The pulse

encoder generates a pulse of duration Tp = 1/(2fc) whenever the input to

the pulse encoder has a zero-crossing; the pulse duration Tp is set to be

equal to half the carrier period of the source signal. This type of encoder

generates a pulse train similar to pulse position modulation (PPM) and is

called a noise shaped PPM encoder [6]. Figure 5.2 shows the waveform for a

PPM encoded signal. For this encoder, pulse edges are not constrained and

level crossings are asynchronous. The PPM encoder is also implemented in

Matlab using the same noise transfer function in equation 5.1.

s(t)
HRF (s)

p(t)

Tp

Pulse
Generator

Noise
Shaping Filter

Figure 5.4: Block diagram of a pulse position modulator (PPM).

Figure 5.5 shows the output power spectrum of the PPM pulse train

with an overlay of the diplexer frequency responses. The center frequency

is 1 GHz the same as the SDM encoder.

In the following section, simulation results with encoders are shown ref-
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Figure 5.5: Output power spectrum of pulse position modulated signal with
diplexer.

erenced to a full scale amplitude of 1 V. For sinusoidal input signals, SDM

encoders saturate at full scale while PPM encoders can generate peak am-

plitude levels which exceed full scale. The peak source signal amplitude for

a PPM encoder is 4/π ≈ 1.27 V and corresponds to a 50% duty cycle square

wave output pulse train. On the other hand, synchronous timing of level

crossings in a SDM pulse train means that the encoder cannot always con-

verge to a 50% duty cycle square wave at peak amplitude. Therefore, the

asynchronous PPM encoder is more efficient for power amplifier applications

and this impact will be evident in the results.

5.2 Results for Pulse Encoded Signals

To validate the proposed topology and investigate the SMPA perfor-

mance for pulse encoded signals, Design 1 is driven with sigma-delta and
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5.2. Results for Pulse Encoded Signals

pulse position modulated signals. Figure 5.6 shows the simulated drain ef-

ficiency for SDM and PPM signals. Simulated and experimental results are

also shown for a sinusoidal (50% duty cycle) switching signal. Drain effi-

ciency for all these results is measured at node C (see Figure 1.9), and the

results show that power efficiency does not depend significantly on whether

the pulse train is periodic or non-periodic. Periodic switching (both simu-

lated and measured) is about 5% more efficient than non-periodic switching

with SDM or PPM encoded pulse trains. This is a very important result as

one of the design objectives of this research was to reduce the sensitivity of

power efficiency in a SMPA to the type of switching signal.
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Figure 5.6: Drain efficiency for Design 1 for SDM, PPM and sinusoidal
signals.

In Figure 5.7, power efficiency is plotted as a function of the amplitude

of the source signal for SDM and PPM encoders. The input source signal

is a sine wave with a peak amplitude that is measured relative to 1 V,

the quantized (full scale) amplitude level of the output pulse train. Three
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5.2. Results for Pulse Encoded Signals

different power efficiency values are calculated at each drive level. First,

the drain power efficiency of the broadband signal generated at node C

(see Figure 1.9) is calculated. The broadband signal consists of both in-

band (bandpass) and out-of-band (bandstop) signal components that have

been amplified by the SMPA. The second and third drain efficiency curves

separate the in-band and out-of-band signal components. The bandpass

signal power corresponds to the amplitude of the encoded source signal and

decreases as the source amplitude decreases. On the other hand, out-of-band

power increases as the source level decreases. The sum of the in-band and

out-of-band power is equal to the total power in the pulse train at node C.

The summed power is constant while the relative power between in-band

and out-of-band signals varies with source amplitude. The results can also

be interpreted in terms of coding efficiency which can be calculated from

the ratio of the in-band to broadband power.

The timing of level crossings in an SDM encoder are constrained by the

clock signal which gates the quantizer. The constraint on the timing of level

crossings limits the peak coding efficiency relative to the PPM encoder. The

difference in peak coding efficiency is seen for modulator drive levels above

1.1. In the SDM encoder, the output power saturates at an input level of

1.1, while the PPM encoder saturates at a drive level of 1.27 (4/π). The

latter amplitude corresponds to the amplitude of the fundamental frequency

component in a 50% duty cycle square wave signal. Below a modulator drive

level of 1.1, the in-band signal power of the two modulators are similar. At

very low drive levels below 0.6, the out-of-band power and broadband power

of the SDM fall below the PPM encoder. The difference is related to the

bandwidth of the encoded spectrum relative to the bandwidth of the SMPA.

The power spectral density of the PPM encoder is concentrated closer to
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5.2. Results for Pulse Encoded Signals

the noise well than in the SDM encoder. For modulated signals, it is very

desirable to maintain high power efficiency under back-off conditions and it

is this objective that leads to the addition of an energy recovery loop which

is discussed in the next chapter.

Figure 5.8 shows output power versus modulator drive for both SDM and

PPM signals. The total output power at node C is constant for both SDM

and PPM encoding. This is expected since the SMPA has a broadband

output match that is designed to amplify both in-band and out-of-band

spectrum. Two other sets of curves are shown on the graph which separate

the in-band and out-of-band power measured at the bandpass and bandstop

output terminals of the diplexer. The power is normalized to account for the

insertion loss of the diplexer and enable comparison with the total power

measured at node C. When the input signal amplitude is high, in-band

power is high and out-of-band power is low. Conversely, when the input

signal amplitude is low most of the power is in the out-of-band spectrum.

The overall efficiency of the SMPA would be improved significantly at low

input amplitude if the out-of-band energy could be recycled. An analysis of

the efficiency boost which could be obtained with energy recycling is covered

in the next chapter.
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Figure 5.7: Drain efficiency as a function of modulator drive level for SDM
and PPM encoders.
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Figure 5.8: Output power as a function of modulator drive level for SDM

and PPM encoders.
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Chapter 6

Energy Recycling

An important part of the proposed architecture is the energy recycling

circuit. A block diagram of the energy recycling concept is shown in Fig-

ure 6.1. Out-of-band energy is rectified and converted to DC power which

supplements the drain supply for the SMPA. The recovered energy boosts

power efficiency especially under low amplitude signal conditions when out-

of-band energy is significant.

Figure 6.1: Block diagram of the proposed energy recycling circuitry.

6.1 RF to DC Energy Conversion Circuits

RF to DC power conversion has recently been the focus of new research

motivated by applications such as energy harvesting for wireless sensors and

wireless power transfer. The history of RF to DC power conversion goes

back much farther and the pioneering work of Brown [21] focused on high

power RF to DC conversion to power a remotely powered helicopter. In all

these applications, the research was focused on both an efficient antenna to
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6.2. Power Efficiency Analysis of SMPA with Energy Recovery

receive RF power and the conversion of RF power to DC; hence, the name

rectenna is frequently used for integrated antenna and rectification systems.

Experimental results of RF to DC conversion efficiencies in the range of

75–90% have been reported [22–24]. The RF to DC conversion efficiency

depends on many factors including device characteristics, frequency, power,

load impedance, and bandwidth. Most work has focused on using diode

rectifiers but new work is also investigating synchronous RF rectifier cir-

cuits [25]. Based on the progress in RF to DC conversion, the possibility

of adding an RF energy recovery loop to harvest out-of-band energy is pro-

posed as a way to significantly enhance the power efficiency of the SMPA

under back-off conditions.

6.2 Power Efficiency Analysis of SMPA with

Energy Recovery

With reference to Figure 6.2, the projected drain efficiency measured at

the bandpass output (reconstructed signal) is shown as a function of the

amplitude of the source signal s(t). Data are shown for both bandpass SDM

and noise shaped PPM. These figures are generated by using the SMPA

model of Design 1 with the addition of an energy recovery loop providing

a 75% return of out-of-band power to the drain supply. All results are

normalized for the insertion loss of the diplexer and data are shown for a

12 dB back-off range relative to peak power.

Without energy recovery, the power efficiency drops as the source level

decreases and the SMPA efficiency characteristics are similar to a linear

power amplifier. This type of efficiency characteristic is typical of other

SMPA designs based on class D or class S circuits. The reduction in power
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Figure 6.2: Drain efficiency for Design 1 assuming 75% out-of-band energy
is recovered.

efficiency with signal level is caused by fixed power losses which burdens

power efficiency, especially at low amplitude. If energy recovery is added to

the SMPA, there is a significant enhancement in power efficiency especially

at large back-offs from peak power. A power amplifier with constant power

efficiency that is independent of back-off is highly desirable for modulated

source signals with high peak to average power ratios (PAPR). Another

important observation is that energy recovery desensitizes the SMPA to the

coding efficiency of the encoder. For a 6 dB back-off range (0.6 to 1.2), the

SDM and PPM efficiency characteristics are similar while at 12 dB the SDM

encoder has a power efficiency of 38% compared to the PPM encoder with

an efficiency of 49%.

Implementations of the RF to DC recovery circuit will be investigated

in future work. It is also interesting to note that the insertion loss in the

bandstop filter branch of the diplexer is much less than the bandpass filter
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6.2. Power Efficiency Analysis of SMPA with Energy Recovery

branch because the bandstop filter is essentially a transmission line with

resonators coupled to the through line. This is advantageous to the efficiency

of the energy recovery loop especially given that most of the encoder power

for modulated signals with high PAPR is out-of-band.

One of the challenges with SMPAs is the large amount of out-of-band

power generated by the encoder when a source signal is quantized to binary

amplitude levels. Although significant out-of-band power is generated, the

advantage of the encoded pulse train is that the amplifying device can be

continuously operated at peak power where efficiency is the highest. This is

another way of explaining why the power efficiency measured at node C is

approximately constant as shown earlier in Chapter 5, Figure 5.8. Assuming

peak power can be efficiently encoded, the device utilization is not compro-

mised by the addition of out-of-band power because peak power signals are

encoded very efficiently with a small portion of power falling out-of-band.

The addition of energy recovery, especially for low amplitude input signals,

provides a way to maintain peak power efficiency under back-off conditions

thereby exploiting the out-of-band spectrum which is generated by the en-

coder.
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Chapter 7

Conclusion

This chapter concludes the thesis by comparing the contributions made

by this work to the original objectives of the project. Potential future work

that can be done based on this proposed SMPA architecture is then dis-

cussed.

7.1 Evaluation of Thesis Objectives and

Contributions

A new RF switch-mode amplifier circuit topology has been proposed

which is motivated by the implementation challenges associated with the

efficient amplification of non-periodic (encoded) pulse trains. The circuit

hard switches a single power device which avoids the need to use baluns,

output transformers, high side drivers or protection diodes which may be

required in class D and class S circuits topologies. The amplifier design uses

a broadband output match coupled to a complementary diplexer to minimize

the power dissipation in the switching device. Providing a broadband output

match is achieved that matches the bandwidth of the encoded pulse train

spectrum, power efficiency is then comparable with periodic switching using

a 50% duty cycle square wave. Finally, an energy recovery loop exploiting

the amplified out-of-band spectrum is proposed as a way to boost power

139
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efficiency especially under back-off conditions where the coding efficiency of

the encoder is usually very low.

Experimental prototypes of the SMPA were constructed to validate sev-

eral of the concepts proposed in the new design. The driver, power switch,

output match, and complementary diplexer were built. Three different out-

put networks for the SMPA were implemented to explore design trade-offs.

Design 1 employed a direct match to 50 Ω with a broadband bias network.

The bandwidth of the output network in Design 1 was the largest compared

to Designs 2 and 3, and Design 1 showed the most robust power efficiency

characteristics in terms of periodic and non-periodic switching. In Design 2,

the bias network inductor was selected to resonate with the output capac-

itance of the power device. This provided a boost in power efficiency for

narrow-band signals relative to Design 1, but the bandwidth of the output

network is narrower. Design 3 went one step further and included an output

match which transformed the 50 Ω load to 33.3 Ω which corresponds to the

best power match. Similar to Design 2, the trade-off in the output network

relative to Design 1 is a reduction in bandwidth. Although Design 1 was

robust, there are benefits to integrating the output device capacitance into

the output match as well as implementing optimum impedance matches at

the output of the device. Future research into the design of output networks

that simultaneously satisfy bandwidth and optimum match conditions is

recommended.

The introduction of the complementary diplexer into switch-mode power

amplifiers is a new concept which provides a way to achieve a high bandwidth

output stage yet simultaneously implement a narrow-band signal reconstruc-

tion filter. One of the challenges in class D and S circuits is the disruptive

effect that a narrow-band output filter has on the power efficiency of the
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amplifier. All reported research has shown designs which use reflective out-

of-band filters where the objective has been to prevent the dissipation of

power in the out-of-band spectrum [3–5]. This is difficult to achieve in exper-

imental work because the out-of-band impedance presented to the switching

device is usually uncontrolled and dissipation of out-of-band spectrum still

occurs. The complementary diplexer improves the realizability of SMPA

circuits by presenting a constant impedance to the switch. There are many

new research opportunities that could extend this work including the inte-

gration of the complementary diplexers into other SMPA circuit topologies

as well as compact structures for implementing complementary diplexers.

The disadvantage of employing a broadband output matche in the SMPA

is that out-of-band power is significant. The power could be dumped through

the bandstop diplexing port to a load, or, as proposed in this work, it pro-

vides an opportunity to enhance power efficiency by returning out-of-band

power back to the drain supply. Simulation results were shown for an energy

recovery loop assuming a RF to DC conversion efficiency of 75%. Assum-

ing this circuitry can be realized, it provides a way to significantly enhance

power efficiency especially under back-off conditions.

7.2 Future Work

Future research into energy recovery circuits is recommended. Research

on this topic could include the optimization of the encoder to spectrally

shape the out-of-band spectrum to enhance the efficiency of energy recovery.

The optimization of Design 3 with a broadband output match and a low loss

diplexer is also recommended for future research work.
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Appendix A

Coupled Line Impedance

Scaling

A design procedure is given which will provide a systematic way to scale

unequal strip widths into equal line widths in a parallel-coupled singly ter-

minated design. The design procedure is based on the use of an elastance

(reciprocal capacitance) matrix transformation and is described below.

Consider the parallel-coupled equivalent circuit of Figure 3.10(b) and

then the redundant network can be obtained by adding unit elements which

is shown in Figure A.1(a). The elastance matrix transformation needs each

unit element as a shunt elastance elastance, S = Zue, and each series capaci-

tor as a series elastance, Si = 1/Ci. For elastance matrix, the main diagonal

elements can be found by summing all elastances in each circuit loop and

off-diagonal elements is equal to the negative of the elastance mutual to each

loop [18], [26].

Figure A.1(b) shows the elastance network of the S-plane network of
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Figure A.1: Equal strip width design by use of an elastance matrix trans-
formation (a) Parallel coupled equivalent circuit with two redundant unit
elements. (b) Elastance equivalent network for (a). (c) Elastance network
for arbitrary n2 and n3. (d) S-plane equivalent circuit for equal strip width
realization. (e) Equal strip width realization with specific element values.

Figure A.1(a) and the corresponding 4x4 elastance matrix is given below


1 −1 0 0

−1 (2 + S1) −1 0

0 −1 (2 + S2) −1

0 0 −1 1

 . (A.1)
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Next, if we multiply this elastance matrix with a row vector [n1 n2 n3 n4]

and a column vector [n1 n2 n3 n4] we get the following matrix


n21 −n1n2 0 0

−n1n2 (2 + S1)n
2
2 −n2n3 0

0 −n2n3 (2 + S2)n
2
3 −n3n4

0 0 −n3n4 n24

 . (A.2)

Equivalent transmission properties and termination impedances are obtained

if the input and output loop impedances are unchanged and this requires

n1 = n4 = 1 in matrix (A.2) [26], [18]. Therefore, n1 and n4 = 1 are fixed

while n2 and n3 can be used to scale the matrix (A.2). The scaled to matrix

is then 
1 −n2 0 0

−n2 (2 + S1)n
2
2 −n2n3 0

0 −n2n3 (2 + S2)n
2
3 −n3

0 0 −n3 1

 . (A.3)

Figure A.1(c) shows the implementation of matrix (A.1) in terms of arbitrary

parameter n2 and n3 and the desire S-plane equivalent circuit is shown in

Figure A.1(d). For equal strip widths in a parallel-coupled realization, the

series capacitors on both sides of each unit element must be identical [14]

and applying this constraint gives the final equivalent of Figure A.1(e). So,

the relationship between the two capacitances in coupled line section of

Figure A.1(e) is,

(2 + S1)n
2
2 − (n2n3 + 1) = (2 + S2)n

2
3 − (n2n3 + 1). (A.4)
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Solving for n2 in terms of n3 gives

n22 =
(2 + S1)

(2 + S2)
n23. (A.5)

So, we can choose either n2, or n3 and then calculate the other value from

equation (A.5).
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