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Summary

The continued, rapid evolution of wireless communication systems has been
steadily shifting the focus of research onto the power amplifier (PA) in the
transmission chain. On the one hand, new standards and the fragmentation of
the frequency spectrum premise agile wideband, linear and efficient transmitters.
On the other hand, the digitization of the analog radio frequency (RF) domain,
carried out to realize flexible, low-cost software-defined radio transmitters, has
reached the power amplifier.

Switched mode operation is used to implement a digital input interface and
optimize the efficiency of RF amplifiers by minimizing the current-voltage over-
lap at the transistor. Differential (push-pull) operation is used to enhance the
bandwidth of an amplifier by taking advantage of the symmetry to match even
harmonics.

This work discusses differential switched mode operation to design simultane-
ously efficient and wideband PAs. Using the example of the current mode class-D
(CMCD) amplifier, the required harmonic output impedances in differential and
common mode are derived from the ideal waveforms. In order to implement the
required output impedances with a large bandwidth, this thesis presents a novel
manufacturing technique for a low-parasitic lumped-element output filter.

To attach a single-ended load to the differential PA, a balun is needed. The
influence of output network imbalance on the efficiency is analyzed, to assess the
required balun bandwidth. Furthermore, wideband and efficient planar baluns
are examined and an optimized tapered planar balun for a PA bandwidth of up
to 100% is offered.

A 100 mW demonstrator PA is built with this balun and with a balun-integrated
lumped-element output filter. The drain efficiency is over 60% for a range of
415MHz to 1100 MHz, which corresponds to a bandwidth of 90%. The PA
maintains a drain efficiency of >70% and a power-added efhiciency (PAE) of
>67% for an octave bandwidth (500 MHz to 1GHz). A high-power 25W
demonstrator PA is presented to verify the scalability of the proposed design
methods for CMCD PAs. The measured peak drain efficiency is about 80% and
the peak PAE is 72% at 635 MHz. The PA maintains high efficiency for an output
power range of 7 W to 25 W. Therefore, this amplifier could be used, e.g., as the
core PA of an EER (Envelope Elimination and Restoration) amplifier system.

Finally, the integration of antennas as differential loads for differential PAs
is examined. An implementation of a dipole integrated 100 mW CMCD PA,
a so-called “amplitenna”, is offered. The measured over-the-air (OTA) peak



efliciency is within a range of 67% to 81% at 870 MHz and includes the resistive
and matching losses of the antenna.

This thesis achieves important progress towards the goal of a fully digital RF
power amplifier. The potentials of differential switched mode PAs are demon-
strated both by theoretical analyses and practical implementations. The presented
methods and solutions can contribute to the design of PAs with improved perfor-
mance, such as enhanced efficiency and bandwidth.



Kurzfassung

Die kontinuierlich, rasant fortschreitende Weiterentwicklung von drahtlosen
Kommunikationssystemen, lenkt den Forschungsfokus auf den Leistungsverstir-
ker in der Sendekette. Einerseits erfordern neue Standards und die Fragmentie-
rung des Frequenzspektrums agile Sendesysteme mit hoher Bandbreite, Linearitat
und Efhzienz. Andererseits ist die Digitalisierung der analogen HF Signalverarbei-
tungskette, die notig ist um flexible und kostengtinstige Sendesysteme (Stichwort
ySoftware Defined Radio, SDR”) zu realisieren, beim Leistungsverstirker ange-
langt.

Der Schaltbetrieb von HF Leistungsverstirkern wird zur Efizienzoptimierung
angewandt, indem die verlustbehaftete Uberlappung von Strom und Spannung
am Transistor vermieden wird. Des Weiteren ermdglicht der Schaltbetrieb eine
digitale Ansteuerung des Verstirkers. Der differentielle (auch: Gegentakt-) Betrieb
wird zur Erh6hung der Bandbreite von Verstirkern verwendet und nutzt die
inhdrente Terminierung geradzahliger Harmonischer durch einen symmetrischen
Autbau.

Diese Arbeit behandelt den differentiellen Schaltbetrieb um Leistungsverstar-
ker zu ermoglichen, die gleichzeitig effizient sind und eine hohe Bandbreite
aufweisen. Am Beispiel eines stromgesteuerten Klasse-D-Verstirkers (Current
Mode Class-D, CMCD) werden die notigen harmonischen Impedanzen des
Ausgangsnetzwerkes im Gleich- und im Gegentakt aus den idealen Strom- und
Spannungsverldufen abgeleitet. Um die notigen Ausgangsimpedanzen iiber ei-
ne grofle Bandbreite implementieren zu konnen, wird in dieser Arbeit eine
neuartige Aufbautechnik zur HF-optimierten Anbindung von konzentrierten
Bauelementen im Ausgangsfilter vorgestellt.

Um eine erdbezogene Last an einen differentiellen Verstirker anzuschlie3en,
wird ein Balun bendtigt. Zur Abschitzung der erforderlichen Bandbreite fiir den
Balun wird der Einfluss einer Asymmetrie im Ausgangsnetzwerk auf die Effizienz
analytisch untersucht. Im Weiteren werden breitbandige und effiziente planare
Balunstrukturen behandelt. Ein optimierter konisch-zulaufender (tapered) Balun
in Streifenleitungstechnik fiir Verstirker mit Bandbreiten von bis zu 100% wird
vorgestellt.

Anschlieflend wird ein 100 mW Verstirker mit diesem Balun und dem op-
timierten Ausgangsfilter aufgebaut. Der Prototyp erreicht eine Drainefhizienz
von iiber 60% im Bereich von 415 MHz bis 1100 MHz, was einer Bandbreite
von 90% entspricht. Im Bereich einer Oktave (500 MHz bis 1 GHz) wird sogar
eine Drainefhizienz von iiber 70% und eine leistungsaddierte Effizienz (PAE)



von iiber 67% erreicht. Um die Skalierbarkeit der Designmethoden fiir CMCD
Verstirker zu demonstrieren, wird ein Verstirker mit hoherer Leistung (25 W)
vorgestellt. Dieser Prototyp erreicht eine Spitzenefhzienz von 80% und eine PAE
von 72% bei 635 MHz. Uber einen Bereich von 7 W bis 25 W wird eine hohe
Efhzienz beibehalten. Daher eignet sich dieser Verstirker als Teil eines Systems
mit Versorgungsspannungsmodulation (Envelope Elimination and Restoration,
EER).

Im letzten Schritt wird die Integration von Antennen als differentielle Last eines
ebenfalls differentiellen Verstirkers untersucht und ein Prototyp eines 100 mW
Klasse-D-Verstirkers mit Dipolantenne (Stichwort: ,Amplitenna”) entwickelt.
Die gemessene Spitzenefhzienz der abgestrahlten Leistung liegt im Bereich von
67% bis 81% bei 870 MHz und beinhaltet die Verluste an der Antenne.

Diese Arbeit ist ein wichtiger Schritt hin zur Realisierung eines volldigitalen
HF Leistungsverstirkers. Die Vorteile des differentiellen Schaltbetriebs werden
sowohl auf theoretischer Basis, als auch in Form von praktischen Aufbauten de-
monstriert. Die vorgestellten Methoden kdnnen als Grundlage zur Entwicklung
von verbesserten Verstirkern hinsichtlich Effizienz und Bandbreite dienen.
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1  Introduction and Motivation

1.1 Motivation

The digitalization of the world has started with the information age. Nowadays,
analog information is represented, saved and processed by binary symbols. With
ADCs and DACs! operating in the GSa/s domain, analog signals can be recorded
and reproduced with a high dynamic range at microwave frequencies. Anti-
aliasing and reconstruction filters are used to remove quantization noise.

Similar to analog information, analog power can be represented and processed
by a binary coded stream of quantized “packets” of energy. Class-D audio
amplifiers use switched transistors in conjunction with a reconstruction filter in
order to efficiently convert a binary encoded audio signal from the digital into
the analog domain at a high power for the purpose of driving a speaker. In the
same way, switched mode radio frequency (RF) power amplifiers (PA) convert a
binary encoded RF signal into a high-power analog signal to drive an antenna.

Digital audio amplifiers operate at relatively low switching speeds in the MHz
range and can be implemented with state-of-the-art MOS? transistor technologies.
The reconstruction filter can be designed from simple lumped capacitive and
inductive components. Switched mode RF PAs require the transistors to run at
GHz switching speeds. Advanced power transistors and reconstruction filters
are needed and parasitic properties of the components have to be identified and
either minimized or embedded in the design.

The following sections will motivate RF switched mode operation from differ-
ent perspectives: PA efficiency, system design and RF bandwidth.

1.1.1 Principle Function of Switched Mode Power Amplifiers

A power amplifier is a three-port device. It consists of an input port which
supplies the input power P;;,, an output port with the output power P,,; and a
DC supply port with Ppc. It is mainly defined by gain, linearity, bandwidth
and efliciency.

! ADC: analog-to-digital converter; DAC: digital-to-analog converter
2 MOS: metal oxide semiconductor
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Class-B PA Switched Mode PA

Losses

Figure 1.1.: High-efficiency operation of a transistor in switched mode

Gain is the relationship of P;, and P,,; and linearity indicates how good P,
represents P, scaled by the gain. Efficiency is the relationship of Ppc and Py
and bandwidth shows the behavior on the frequency axis.

Two basic amplifier operating points can be differentiated:

* In a linear amplifier the transistor is used as a transconductance device.
* In a switched mode amplifier the transistor is used as a switch.

A transconductance device in linear operation has a voltage-current overlap. The
drain-to-source voltage vpg and the drain current ip of a class-B amplifier is
indicated in Fig. 1.1. By overdriving the transistor at the input, compression
occurs at the output, hence, losses from voltage-current overlap are reduced.

A high frequency switched mode operation places special demands on the
transistor. To drive the transistor far into compression, a high RF gain is required.
And, as Fig. 1.1 indicates, switched mode waveforms are broadband due to
their harmonic frequency content. Therefore, parasitic elements at the input
and output of the active device have to be considered and either have to be
compensated or minimized, depending on the amplifier circuit concept.

Switched mode operation implies that the input signal is a “digital” binary
waveform and, therefore, no amplitude information can be amplified.
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1.1.2 Motivation - Efficiency

A discussion about the efficiency of a power amplifier is a discussion about losses.
Losses in power amplifiers mainly occur due to losses at the active element,
the transistor. The passive circuitry of the output network induces additional
losses. However, dissipation at the transistor is defined by the voltage and current
waveforms at the transistor and therefore by the amplifier class. Thus, the power
loss at the transistor Pr s 1s

1

PT,loss = f

T
/ws (t)-ip (t)dt. (1.1)
0

With the definition of drain efficiency n = g"T“Ct the drain efficiency 7);g4eq; of the
ideal (lossless) power amplifier is

PDC - PT,loss —1_ PT,loss
Ppc Pye

The peak efliciency of the ideal power amplifier is:

Nideal = (1.2)

® Nideal = 78.5% in class-B due to the voltage-current overlap of a half-wave
rectified sine waveform and a full sine waveform [1].

® Nideat = 100% in switched mode due to no voltage-current overlap.

In both cases (linear and switched mode) the output waveforms have a harmonic
frequency content. Therefore, 7;4cq premises an infinite harmonic bandwidth
with an ideal harmonic matching network for class-B as well as for switched
mode operation. However, compared to the theoretical 78.5% in class-B, only in
switched mode operation 100% efficiency can be reached. In reality the parasitic
properties of the transistor (e.g. on-resistance) limit the efficiency.

The binary nature of the RF input signal does not allow amplitude information
to be amplified. Therefore, backoff operation is not possible in switched mode.
To a certain degree, amplitude variations can be transmitted if a class-B operating
point is chosen in backoft.

Advanced PA concepts involving switch mode amplifiers enable high-efhiciency
backoff operation through supply modulation (Envelope Elimination and
Restoration, EER), load modulation (outphasing PA) and input oversampling
(class-S PA).



1. Introduction and Motivation

1.1.3 Motivation - System Design

Certain advantages of switch mode operation can be identified from a system
design perspective, in particular the implementation of low-cost transmitters and
the immunity to reverse intermodulation.

In switched mode operation only a change of frequency is possible and the
amplitude information is suppressed. Therefore, the modulation signal has to have
a constant envelope. Suitable modulation schemes are, e.g., frequency modulation
(FM) or, more generally speaking, modulation signals with a continuous phase
change. The term continuous phase modulation (CPM) denominates this family
of modulation schemes.

A popular CPM implementation is minimum-shift keying (MSK, Fig. 1.2).

The power efficiency of CPM waveforms is very high [2]. However, the
spectral efficiency of complex modulation schemes (e.g., quadrature amplitude
modulation, QAM or orthogonal frequency division multiplexing, OFDM)
is higher compared to CPM. Additionally, the implementation complexity of
an optimal CPM receiver is higher. On the other hand, the implementation
complexity of the transmitter rises with linearity requirements and therefore
with the signal complexity.

The use of a switched mode transmitter is subject to the communication
scenario (Fig. 1.3):

® In a broadcast scenario (e.g., terrestrial digital video broadcast, 2nd genera-
tion, DVB-T2) a single complex transmitter feeds multiple simple, low-cost

Q
A

1
P AN
Qeonst \ > |
/0

Figure 1.2.: Minimum shift keying - a continuous phase change of 5 encodes the digital informa-
tion
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Figure 1.3.: Popular communication scenarios

receivers. The data rate is high and, therefore, OFDM is a suitable modula-
tion scheme with a high spectral efficiency.

* In an Internet of Things (IoT) scenario (e.g., for wireless meter reading)
multiple low-cost, efficient transmitters (often battery powered) are ac-
companied by a single complex and sensitive receiver. The data rate is low
and CPM (e.g., MSK) is a suitable modulation scheme with a high power
efhiciency.

* In a program making and special events (PMSE) scenario (e.g., wireless
audio links) low-cost, efficient transmitters (often battery powered) feed
complex sensitive receivers. Medium data rates with CPM (e.g., FM, MSK)
yield a high power efficiency.

* In a mobile communication scenario (e.g., cellular phone networks) the
communication downlink consists of a complex transmitter (base station)
and a simple receiver (handset). The data rates are high and, therefore,
OFDM is a suitable modulation scheme just like in the broadcast scenario.
In the communication uplink a simple efhicient transmitter (battery pow-
ered handset) is accompanied by a complex receiver (base station). The
data rate is medium. Modulation schemes with a relatively high power
and spectral efficiency are single-carrier waveforms with a low crest factor.
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For instance, in long term evolution (LTE) the handset uses single-carrier
frequency-division multiple access (FDMA) [3].

To sum up, a transmitter with a switched mode power amplifier is most suitable
for IoT" and PMSE scenarios using CPM modulation schemes. In mobile commu-
nication the data uplink might as well be implemented with a switched mode
PA.

The reverse intermodulation distortion is also known as transmitter intermod-
ulation and indicates the distortion products which are excited by feeding RF
power reversely into the transmitter output. It is an important measure that
has to be considered in environments, where high extrinsic power levels have
to be expected like mobile communication networks as well as telemetry and
multimedia networks.

In [4] the author has shown that switched mode operation produces less trans-
mitter intermodulation compared to a linear amplifier class, that is, a switched
mode amplifier is more robust to extrinsic signals.

Summing up, from a system designers view switched mode PAs are suitable
for simple, robust and efficient transmitters. This includes battery powered
applications, transmitters without digital pre-distortion (DPD), applications
with high extrinsic power levels and applications with low to medium data rates.

Switched mode operation is more than just efficiency optimization.

1.1.4 Motivation - RF bandwidth

Fig. 1.4 shows a diagram with four quadrants depicting amplifier linearity versus
RF bandwidth. In opposition to linear PAs, switched mode operation is limited
to applications requiring low linearity and a low RF bandwidth.

In recent years, however, PMSE or IoT applications are moving towards higher
RF bandwidths. The main reason is an increased design flexibility, which is
necessary due to

* the fragmentation of the frequency spectrum as a result of the worldwide
reallocation of, e.g., television (T'V) whitespace [5, 6],

* wideband frequency hopping, e.g., for telegram splitting [7] and the use of
carrier aggregation (CA) in fourth and fifth generation (4G, 5G) mobile

services.

Therefore, wideband switched mode PAs are needed. The harmonic matching
network of a switched mode PA fundamentally limits the bandwidth. However,
differential circuits can help to shift these limits (see Section 2.2 of this work).
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Figure 1.4.: Linearity and RF bandwidth requirements of different communication scenarios -
wideband switched mode PAs are needed due to spectrum fragmentation

1.2 Thesis Contribution

The aim of this work is to

* motivate the use of differential (i.e., push-pull) architectures for switched
mode power amplifiers,

* present solutions for flexible, efficient and wideband switched mode ampli-
fiers.

The author’s main contributions are

® the analysis of the output network and the required harmonic termination
of the current mode class-D amplifier,

® the study of wideband and efficient planar baluns for current mode class-D
amplifiers,

* the development of a novel manufacturing technique of a balun-integrated
lumped-element output network,
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* the integration of antennas as differential loads for current mode class-D
amplifiers.

Several authors have published papers on differential current mode class-D
(CMCD) PAs [8-11]. However, the presented amplifiers are mostly narrow-
band or optimized for a single frequency.

A few papers have studied the optimum waveforms and impedances for dif-
ferential (push-pull) switched mode operation [12-14]. Differential large-signal
measurements are demonstrated in [15]. The harmonic impedance of differential
structures has not been calculated analytically.

Several papers on wideband class-F PAs have been published as well [16, 17].
The harmonic matching network fundamentally limits the bandwidth to less
than an octave.

Wideband baluns for differential PAs have been studied in literature [18, 19].
However, planar implementations suffer from high losses [20]. Coaxial baluns
are bulky and, as [19] states, “[...] each balun is assembled by hand, the quality
of the assembly is variable and it is difficult to find faults in the balun once the
whole PA has been assembled”.

Equivalent circuit models for baluns have been developed in [20]. They have
not been verified or extended for broadside coupled and tapered baluns.

A few authors have examined the integration of antennas with power ampli-
fiers [21], including the harmonic tuning for class-F PAs [22]. However, the
integration of differential loads with switched mode PAs has not been studied
yet. Over-the-air (OTA) measurements of such designs have been demonstrated
[23]. A comparative measurement of two independent methods has not been
shown yet.

1.3 Thesis Outline

This thesis can be divided into two parts. Chapters 1 to 3 (mainly) show the
state-of-the-art, whereas chapters 4 to 6 describe the author’s contributions.

Chapter 1 motivates the use of switched mode power amplifiers.

Chapter 2 defines the ideal switched mode amplifier and shows the fundamental
bandwidth limitations in single-ended and differential configuration. Afterwards,
the differential current mode class-D (CMCD) amplifier is introduced.

Chapter 3 gives a short introduction of RF power transistors. Afterwards, the
theory and limits of switched mode operation are discussed on the basis of a
simplified switched mode transistor model. The chapter is completed by a look
at the input signal, the input network and amplifier stability in switched mode
operation.



1.3. Thesis Outline

After a short introduction to mixed mode S-parameters, Chapter 4 discusses
the output network of differential switched mode PAs. The calculation of ideal
harmonic impedances is followed by a discussion of output network imbalance,
which is mostly caused by the balun. After the analysis of the DC supply
network, optimized output filters, which are needed to implement the harmonic
impedances, are calculated and compared. Finally, the author offers a novel
manufacturing technique for low-parasitic lumped-element output networks.

Chapter 5 discusses wideband and low-loss baluns for differential PAs. An
introduction to coupled line baluns is followed by an analysis of an enhanced
balun model. Tapered structures offer a wider bandwidth and two tapered
balun implementations are therefore compared. Finally, the theory of wideband
CMCD operation is supported by a wideband class-D demonstrator PA. A second
high-power PA shows the scalability of the concept.

Chapter 6 motivates the integration of differential switched mode PAs into
differential antennas. After an introduction to the input impedance of thin
linear dipoles and an overview of wideband antennas, a so-called “amplitenna”
is implemented. An over-the-air (OTA) measurement in an anechoic chamber
completes the chapter.






2 Differential Switched Mode Power Amplifiers

This chapter discusses differential switched mode amplifiers. After an introduction
to the requirements and the building blocks of an ideal switched mode amplifier,
differential architectures are motivated by a closer look at the bandwidth limiting
features of efficient amplifier classes. Afterwards, the differential current mode class-D
amplifier is presented and its loss mechanisms are identified and calculated.

The main contribution of this chapter is the calculation of the maximum theoretical
bandwidth in single-ended and differential switched mode configuration.

2.1 The Ideal Switched Mode Amplifier

Generally, there are two competing requirements for the RF signal at the transistor
and at the output of an efficiency optimized power amplifier. At the transistor,
an efficient waveform with no voltage-current overlap and therefore a high 7;4ea
is desired. However, at the PA output an amplified representation of the input
signal with low harmonic and spurious signal content is requested.

The demand for a transistor waveform with no voltage-current overlap leads
to the first requirement for every switched mode amplifier: the transistor is
driven into switching operation. However, every periodic switching process is
associated with a fast change of voltage % or current % in the time domain and,
therefore, a harmonic voltage or current spectrum in the frequency domain in
addition to the fundamental component. This harmonic spectrum is unwanted at
the output not only due to regulatory issues. The harmonic voltages or currents
are absorbed by the load and add up to the total power loss, thus they degrade
the efficiency of the amplifier.

The generation of harmonic voltages or currents is inherent in a switched mode
system, hence they have to be isolated from the load in a non-resistive, reflective
way. In other words, the proper harmonic output impedances have to be set,
the second requirement for ideal switched mode amplifier design. Harmonic
impedance termination can be done either by one or more frequency dependent
and reflective filters or by choosing a design topology with intrinsically matched
harmonics, e.g., differential amplifiers.

Fig. 2.1 explains the harmonic tuning using the example of the inverse class-F
amplifier. The DC biased transistor is modeled as a switched current source and,
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Figure 2.1.: Inverse class-F amplifier with harmonically tuned output filters

therefore, a rectangular drain current with odd harmonics appears at the output.
The odd harmonics are shorted by a filter. The voltage at the transistor is shaped
to a half-wave rectified sine signal with even harmonics by a high impedance
output filter. Thereby efficient voltage and current waveforms at the transistor
are synthesized.

As shown in Fig. 1.1, a transistor in switched mode is modeled as a switch with
parasitic resistive, inductive and capacitive elements. The reactive components
are quickly charged and discharged during switching and this energy is usually
entirely absorbed in parasitic resistive elements. Therefore, a switching at zero
voltage (ZVS) or at zero current (ZCS) is highly desired, which is the third
requirement for an ideal switched mode PA.

Last but not least, the power gain is crucial in every switched mode amplifier
system. For example, a gain of only 10dB reduces the power-added efhiciency
(PAE, [24]) by up to 10%. In linear operation, the gain of the amplifier is
optimized by matching the impedance of the RF source to the capacitive input
reactance of the transistor. In switched mode operation, the transistor is by far
in compressive region, which highly reduces the amplifier gain. Additionally,
the input is slightly detuned by the nonlinear capacitive feedback of the output
to the input (Cgp in Fig. 1.1). Therefore, a high gain in linear operation and
subsequently in switched mode is the fourth requirement for every ideal switched
mode PA.

Table 2.1 sums up the four prerequisites for ideal switched mode amplifier
design.

12
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Table 2.1.: Requirements for the ideal switched mode power amplifier with high efficiency and
low distortion

1. Transistor in switching operation
2. Proper harmonic output impedances
3. Zero voltage / zero current switching

4. High gain

2.2 Bandwidth Limitations

An inverse class-F amplifier has to be tuned for all harmonic frequencies indi-
vidually using band-limited reflective filters with high and low impedance Z
(Fig. 2.2 (left)). Fig. 2.2 (right) shows a symmetrically extended version of the
inverse class-F PA, the so-called current mode class-D (CMCD) amplifier. The
CMCD amplifier involves a differential signal output, therefore the load has no
reference to ground. At first sight this attribute will emerge negative qualities, like
the necessity of a bandwidth limiting and lossy balun to attach single-ended loads.
However positive features can be derived from the symmetry of the CMCD
design.

At the two transistor drains of the CMCD PA a half-rectified voltage waveform
appears, just like in inverse class-F (Fig. 2.1). The fundamental content of these
two voltage waveforms is in opposite phase. However, the even harmonic content
(2nd, 4th, ...) is in-phase (this will be later calculated in Section 2.3.1). Therefore,
the harmonic spectrum is high-impedance (assuming an ideal symmetric load).
This means that in differential CMCD configuration the even harmonics are
inherently matched and no filters are needed.

Let us have a look at an inverse class-F power amplifier with second and
third harmonic frequency controlled impedances at the frequency axis (Fig. 2.3).
The tuned harmonic bandwidth regions are defined by their lower (f1,,) and
upper (fun) edges. In single-ended configuration, the maximum bandwidth
Biaz = fmaz — fmin 1s defined by the upper edge of the second harmonic filter
fu2 and the lower edge of the third harmonic filter f73 by

fu2 = fLs. (2.1)
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Figure 2.2.: Filter configuration of harmonically tuned amplifiers in single-ended and differential
configuration

Taking into account the harmonic relationships fy2 = 2 fy1 and fr3 =3+ f14
and the definition for the percent bandwidth By,

B%:2'fU1—fL17 2.2)
fur+ fr
the maximum inverse class-F bandwidth By, .45 can be calculated to
1 1
5fue — 5fue
By classp = 2 - 2372 — 40% |. (2.3)
e 3fu2 + 3 fua

In this example it is tolerated that the 3rd and 4th harmonic overlap and the
4th harmonic is not tunable for the whole bandwidth. Limiting the controlled
impedance space to only the first three harmonic frequencies is usually sufficient
to achieve a high efliciency [25].

The differential class-D amplifier involves inherently tuned even harmonics
(Fig. 2.3), therefore By 4, can be extended till the lower edge of the third harmonic
filter fL3 by

fur = fs. (2.4)
With fr3 =3 - fr1, the maximum class-D bandwidth By, ;4s5p 1s defined to
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Figure 2.3.: Bandwidth of harmonically tuned amplifiers in single-ended and differential configu-
ration

frs— 313

. = 100% |. 2.5
frs+ 3/13 ’ @5)

B%,classD =

Similar to the inverse class-F case, the 5th harmonic frequency is not tunable for
this bandwidth configuration.

To sum up, one can say, that the differential configuration (current mode
class-D) offers a considerably higher tunable bandwidth of 100% compared to
the single-ended inverse class-F amplifier (40%) with the assumption that the 2nd
and 3rd harmonic frequencies can be tuned over the whole bandwidth.

2.3 The Current Mode Class-D Amplifier
2.3.1 Ideal CMCD Amplifier

Fig. 2.4 shows the ideal class-D amplifier in the current mode configuration.
It uses two active devices, shown as switches, that are both tied to ground [4].
The active devices switch a constant current Ip¢ in push-pull operation at a
differential output load. The inverse configuration is the voltage mode class-D
(VMCD) amplifier with two stacked switches and a switched voltage source at
a single-ended load. The VMCD is uncommon in discrete RF design due to
difficulties involved with the floating source connection of the upper transistor.
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Figure 2.4.: Ideal current mode class-D (CMCD) amplifier configuration

On the other hand, an additional balun is required to attach a single-ended load
at the CMCD.

The two switches S; and S represent the transistors and are driven by 180°
phase-delayed input signals at the switching frequency fs. The constant current
Ipc by the two current sources is switched and, therefore, the drain currents
ip1 and ips have a rectangular shape. The drain current can be mathematically
described by its Fourier series:

o0

4 1
ipie (wt) =Ipc [1£—= > —sin(nwt)| . (2.6)
g n=1,3,5,...

The peak current Ip 4, at the switches is twice the DC current Ipc.

‘ID,max =2 IDC ‘ (27)

The differential output current 44,5 (wt) is given by the difference of the drain
currents ip; and i po:
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2.3. The Current Mode Class-D Amplifier

. 1 . 4 - 1
iaiff (Wt) = B (ip2 (wt) —ip1 (wt)) = —Ipc - Z —sin (nwt)
n=1,35,...

(2.8)
The output filter is tuned to fs and short-circuits harmonic content of the
rectangular current 4. (wt), thus the load current igy, (wt) through the load
Ry, is reduced to the fundamental component. 04 is the amplitude of the
voltage at Ry,. It is related to Ipc by

. A 4
Vaif = R -irL = Rr, - ;IDC' (2.9)

With 04 and Ry, the output power P,,; of the CMCD can be calculated to

105 8

2R, 2

out —

RpI%c|. (2.10)

The drain-source voltage waveforms vpg1 (wt) and vpgs (wt) are defined by

vps1 (wt) =0
VDS2 (wt) = —Vdiff (wt)
(2.11)

0 <wt <, S;on (closed), Sz off (open) : {

t) = vgy (wt
7 < wt < 2w, S7 off (open), Sy on (closed) : vpst (wt) Vagy (1)
vps2 (wt) =0
(2.12)

with A
vaifr (wt) = Vg sin (wt) = R - —Ipcsin (wt) . (2.13)
T

From equations 2.11, 2.12 and 2.13, one can conclude that the voltages at the
switches have a half-wave rectified sine shape with the maximum drain voltage
VDS,maa: = @diﬁ-

The drain-source voltage vpg1 /2 (wt) can be mathematically described by its
Fourier series with
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o)

1, T
Upsi/2 (wt) = ;'Udiﬁ 1+ 5 Sin (wt) — Z
n=2,46,...

57 C0s (nwt)| . (2.14)

One can see that the drain fundamental voltages of vpgs1 (wt) and vpga (wt) ap-
pear in opposite phase (wt-term), whereas the harmonic voltages appear in-phase
(nwt-term). This is important for the calculation of the maximum bandwidth of
the class-D amplifier in Section 2.2 and the harmonic termination in Chapter 4.

Fig. 2.5 sums up the current and voltage waveforms at the switches of the
current mode class-D amplifier. There is no current-voltage overlap, i.e., no
inherent losses at the active devices. Additionally the currents are switched at
the voltage minimum - there is a zero voltage switching (ZVS) condition.

Fig. 2.6 shows a practical lumped element implementation of the current
mode class-D amplifier. The ideal switches are implemented using field effect
transistors (FETs 77 and T%). The ideal current sources are replaced by DC voltage
sources Vpc with inductors (Lrrc, radio frequency chokes). The output filter
is designed as a simple LC parallel tank circuit with Lp and Cp tuned to the
switching frequency fs. Additionally, a balun is added to attach the single-ended
load R .

Ipc can be expressed by Vpc as follows. The radio frequency chokes Lrpc
force the average voltage during half a cycle of vg;s (wt) to be equivalent to Vpe

[9]:

D14 Z.DQA
]D,maz ID.mal‘
IDC """"""""""""""""""""" ]DC """""""""""""""""""""
T wi T wt
UDs2
VDS,maz """""""""""""""
T wit 0 > Wt
™

* Zero Voltage Switching (ZVS)

Figure 2.5.: Ideal CMCD current and voltage waveforms
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Figure 2.6.: Lumped element current mode class-D amplifier implementation and building blocks

1

i = Vpe.
o /Udﬂ(wt)dwt DC
0

With 2.13 the differential voltage amplitude 0 4;5 is included to

’@diﬁ = VDS,maz =m-Vpo|

The DC current Ipc is then given by

™ Vpo

Ipc = = . 12C
DC 4 RL

The optimum output load Ry, expressed by Vpe and Ipc is

(2.15)

(2.16)

(2.17)

(2.18)

The balun transforms the differential output signal to attach the single-ended
load R’ . The transformation ratio of 1 : k yields the output resistance ratio

R, =k-R)|

(2.19)
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The total output power P,,,; expressed by Vp¢ is

52 2172 2 172
LVig _ ™ Ve _ 7 Vie

Pou:* —_ -~ .
""2R, 2 R, 2k-R]

(2.20)

Fig. 2.6 depicts three different building blocks of the CMCD PA, which will be
examined independently:

* Input network: Input matching network and DC-bias feed of the switched
transistors,

o Switches: Switched RF transistors,

* Output network: DC-supply feed of the switched transistors, harmonic
output matching network and balun function.

Chapter 3 of this work gives an overview of RF transistors in switched mode
operation and optimized input matching networks. Chapters 4, 5 and 6 focus on
the design of the output network.

2.3.2 Real CMCD Amplifier and Loss Mechanisms

Fig. 2.7 shows the current mode class-D amplifier as implemented in Fig. 2.6 with
its major parasitic elements. For the following analysis the design is assumed to
be fully symmetric (with the exception of the output balun). The input voltages
Vin1 and vjpa are 180° phased-delayed. Based on this assumption, the CMCD
amplifier can be divided into four parts, which will be independently examined
and their loss mechanisms will be identified:

e Transistor

* DC Supply Network
* Output Filter
* Balun

On this basis an estimation of the drain efficiency 7 of the real CMCD amplifier
can be carried out. A similar study has been conducted in [8], therefore this
section and Sections 3.2.2 and 4.5.1 will repeat and extend the findings of earlier
works.

A closer look at the transistor will be taken in Chapter 3 of this work. The
loss mechanisms of the transistor are identified in Section 3.2.2, resulting in the
following efhiciency factors:
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Figure 2.7.: Major parasitic elements of the current mode class-D amplifier

* nrr: losses due to the parasitic on-resistance and drain-to-source capaci-
tance of the transistor,

e nrr: losses due to the limited transition time of the transistor,
* n1p: losses due to the parasitic drain (and source) inductance.

The DC supply network, that is, the radio frequency chokes (RFCs), will be
dimensioned and their loss mechanism will be calculated in Section 4.4. The
resistive losses of the real RFCs are described by the efficiency factor ngpc.

The output filter will be discussed in Section 4.5 of this work. The loss
mechanisms are described by 1po, the losses due to higher harmonic power in
the output signal, and npp, the (resistive) losses in the filter.

So far it has been assumed that the current mode class-D circuit is fully sym-
metrical. However, every real circuit will be slightly unbalanced and therefore
degrade the ideal CMCD operation. This asymmetry greatly depends on the
design and implementation (e.g., printed circuit board, PCB layout) of the output
network including the output balun and implementation of the whole amplifier.
The losses due to the imbalance of the output network (including the balun)
are given by the efficiency factor np;. The losses in the balun are given by the
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efficiency factor npr. A closer look at the unbalanced CMCD PA will be taken
in Section 4.3 and at the balun in Chapter 5.

Summary of Loss Mechanisms of the CMCD PA

A mathematical transition from the calculated efficiency factors to the drain
efliciency 7 is shown as follows. The drain efficiency is calculated from the sum
of the individual loss powers P55 ; and the DC power by

N
_ Ploss —1_ Zi:l I)loss,i

2.21
Ppc Ppc (2.21)

n=1

For small partial loss powers (Pjossi < Ppc), the total efficiency 7 can be
approximated by the product of individual efficiencies 7; with

N
nz [ (2.22)
i=1
This product gives a lower bound for the total efficiency. It is assumed that the
individual loss mechanisms do not interdepend.

The drain efficiency 7 is given by

1=NTR - NTT LD * MRFC * PO - PP * 1BI * BL- (2.23)

The power-added efficiency is given by

1
PAE =nrgr - nrr - nLp - MRFC - MPO - MPP - MBI - MBL (1 - G> . (2.24)
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3  RF Transistors in Switched Mode Operation

This chapter studies RF transistors in switched mode operation. A short introduction
to RF power transistor technologies is followed by the presentation of a model for
switched mode operation. Subsequently, the theory and limits of switched mode
operation are discussed by means of harmonic signal content in the non-ideal switched
mode waveform and the calculation of loss mechanisms in class-D operation. Finally,
the chapter examines the input network and the optimum transistor stabilization in
switched mode operation.

The main contribution of this chapter is the extension of a transistor switched mode
model with an off-state resistor Rc, the calculation of the drain inductive losses at
the transistor and the proposal of a method to trade off in-band stability for gain.

3.1 Introduction to RF Power Transistors

3.1.1 RF Power Transistor Types and Applications

From the first appearance in the patents by Lilienfeld [26] to date solid state
transistor devices have replaced competitive technologies in almost all RF applica-
tions. Covering a broad range of frequencies up to the THz regime and powers up
to several kilowatts, transistors offer an unrivaled flexibility for the RF designer.
If classified according to the physical principle, solid state transistors can be
subdivided into either bipolar junction transistors (B]T) or field effect transistors
(FET). [27] compares and evaluates the two in terms of RF performance based
on current technological limits.

collector C drain D

base
B gate

emitter E source S

Figure 3.1.: Symbols of a bipolar junction transistor (left) and a field effect transistor (right)

Bipolar Junction Transistor

The BJT is a current controlled device. By applying a small current at the “control”
base pin, an amplified current can be “collected” at the collector pin. The bipolar
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junction transistor is generally difficult to scale for high frequencies and high
powers. The width of the base layer leads to a trade-off between resistance, i.e.,
emitter efficiency and charge velocity, i.e., transition frequency. The current
density is defined by the size of the emitter, however, a larger emitter will also
lead to a larger parasitic base-emitter capacity. The doping of the base leads to a
compromise between resistance, that is, emitter efficiency, and gain. The base-
emitter leakage current increases with temperature, therefore the BJT is prone to
thermal runaway. To address this issue, one needs to add balance resistors, which
reduce gain and efficiency. The invention of the heterojunction bipolar transistor
(HBT) has optimized the RF performance of the bipolar junction transistor,
however HBTs still suffer from low efficiency and limited power capability.

Field Effect Transistor

The FET is a charge controlled device. By applying a voltage and therefore
controlling the charge at the “control” gate pin, the current flow between drain
and source pin can be adjusted. The input voltage controls the output current,
the FET is a transconductance device. The field effect transistor scales very well
for high frequencies and high powers. The positive temperature coefhicient of
on-resistance Rpg, o, eliminates a thermal runaway of the transistor in hot areas.
Therefore, the current capability can be increased by extending the width of the
gate without affecting the length, that is, the transition frequency. Consequently,
the power capability of the device can be easily increased at the only cost of a lower
output impedance. RF optimized FET designs like the laterally-diffused metal-
oxide-semiconductor (LDMOS) FET and the (pseudomorphic) high electron
mobility transistor ((p)HEMT) offer superior RF performance at high power
and efficiency.

Both bipolar junction transistors and field effect transistors are used in RF
power amplifiers. Selection of a certain device is subject to technological and
economical demands. Nevertheless, when it comes to medium and high RF
powers and high efficiencies, FETs dominate both in research and development.
Consequently, this work will focus on the use of FET active devices, though
most of the conclusions can be easily transferred to designs with bipolar junction
transistors.

3.1.2 Semiconductor Materials

Table 3.1 sums up the properties of the three most common semiconductor
material systems for RF power devices: silicon (Si1), gallium arsenide (GaAs) and
gallium nitride (GaN). The maximum supply voltage Vp¢ of the power amplifier
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Table 3.1.: Semiconductor material properties [28]

Material Si GaAs GaN
Band gap energy [eV] 1.1 1.4 3.4
Breakdown E field [MV - cm™] 0.3 0.4 3.0
Electron mobility [cm?V~1s71] 1300 6000 1500
Saturated velocity [cm - s7!] 1.0-107 | 1.3-107 | 2.7-107
Thermal conductance [W - cm™1°K~!] 1.5 0.5 1.5

depends largely on the band gap energy and the breakdown electrical (E) field
of the semiconductor material. In this respect gallium nitride offers superior
characteristics. A raise of the supply voltage translates to a raise of the output
impedance. GaN power devices offer output impedances close to 50 €2, compared
to their St LDMOS and GaAs counterparts in the sub-10 2 region. Consequently,
alow transformation ratio of the impedance matching network enables the design
of efficient wideband PAs [28].

The RF performance in terms of transit frequency depends on the electron
mobility and the saturated velocity. The large electron mobility of GaAs enables
transistor designs in the triple-digit GHz regime. The big saturated velocity of
GaN at least partially counterbalances the low electron mobility. Additionally, a
larger saturated velocity and a higher supply voltage in combination with the
good thermal conductance allow a higher power density in the device.

The high power density facilitates high-power RF applications with GaN
transistors. At lower powers GaAs still offers a slightly superior RF performance
in terms of transit frequency compared to GaN. GaN and GaAs transistors are
generally more eflicient than their St LDMOS counterparts. On the other hand
LDMOS transistors are produced on a standard silicon substrate and in many
cases offer the most cost-efficient solution.

3.1.3 RF Power Transistor Design

Upon the examination of solid state FET devices, one has to differentiate two
control mechanisms. The gate control pin can be either insulated - by applying a
voltage at the gate, a conductive inversion zone is created in the doped semicon-
ductor, the device is “normally off” - or it can be formed by a material junction -
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Figure 3.2.: Physical structure of the LDMOS transistor (left) compared to the MOSFET (right)
(27]

by applying a voltage at the gate, a non-conductive depletion region is created in
the doped semiconductor, the device is “normally on”.

The gate insulated metal oxide semiconductor field effect transistor (MOS-
FET) is usually silicon-based and has been advanced to the RF power optimized
LDMOS transistor. In Fig. 3.2 the physical structure of the LDMOS transistor
compared to the MOSFET highlights a few design optimizations. The lateral
and vertical extension of the n-channel is reduced. A thin channel provides more
gain and a short channel optimizes transition frequency and efficiency. A field
plate above the gate is connected to the source and provides shielding from the
drain potential, reducing feedback capacitance C;p. Increased spacing between
gate and drain provides additional isolation and optimizes gate-drain breakdown
voltage. The bottom side of the transistor is connected to source through a
low-resistive / low-inductive p+ region.

The RF optimized junction gate metal semiconductor field effect transistor
(MESFET) is shown in Fig. 3.3 (left). Substrates with high electron mobility or
high saturated velocity like GaAs and GaN are used to optimize charge transfer
and therefore transition frequency. A T-shaped gate decreases gate length L and
hence reduces gate capacitances Czs and Czp and increases the cutoff frequency.
By the variation of source-gate and source-drain contact spacing, the breakdown
voltages or the channel resistance (i.e., the efficiency) can be optimized. A recessed
gate can shift threshold voltage and increase gain.

The pseudomorphic high electron mobility transistor (pHEMT) in Fig. 3.3
(right) optimizes the electron channel. By sandwiching a very thin layer of a
narrow-gap semiconductor between two layers of high band-gap semiconductors,
a thin (10 nm = 33 atom layers [27]) electron channel narrow enough for quan-
tized states is created. The electrons move only in a two-dimensional layer. The
so-called two-dimensional electron gas (2-DEG) has a very high mobility in the

range of 1000000 C{;l; and a low sheet resistance.
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Figure 3.3.: Physical structure of the RF optimized MESFET transistor (left) and the pHEMT
(right) [27]

3.2 Theory and Limits of Switched Mode Operation
3.2.1 Modeling of the Transistor in Switched Mode Operation

Fig. 3.4 shows a common small-signal equivalent circuit representation of the
intrinsic solid-state transistor (as illustrated in [27]). In a simplified large-signal
switched mode implementation, the current source in Fig. 3.4 is replaced by a
simple two-state switch.

Fig. 3.5 shows the parasitic switch-mode models of a field effect transistor used
in this work. Similar models have been used in [29], [30] and [8] and have shown
sufficient accuracy for calculating losses in switched mode amplifier applications.

Rgs, Cas and L form an RCL-circuit at the gate G of the transistor and
therefore limit the rise time of the input signal. The parasitic resistance Rpg, o, i
the on-resistance of the switch S; and includes the bulk resistors Rp and Rg in
Fig. 3.4. The parasitic capacitor Cpg describes the drain-to-source capacitance of
the transistor. To account for Rpg in the off-state of the switch, the resistor R

Source Gate Drain

Schottky
contact

R
R ’
IDS
| wl__ n-type GaAs
= Rps active layer
R Lo “™
s — - Intrinsic GaAs
* Semi-insulating GaAs substrate T buffer layer
Source

Figure 3.4.: Small-signal equivalent circuit model of the intrinsic MESFET transistor and its
physical origin [27]

27



3. RF Transistors in Switched Mode Operation

Figure 3.5.: Switch-mode parasitic model of a field effect transistor (in the center) and simplified
model for loss calculation (right)

is added in parallel to Cpg. Cp represents the parasitic gate-to-drain capacitance
and therefore the internal feedback of the drain to the gate. Cgp is strongly
nonlinear and counteracts the switching operation, thereby reducing the gain of
the switched transistor. The losses in Czp are characterized by Rgp. [30] has
shown that the modeling of the gate-to-drain capacitor Cp as the only bias-
dependent capacitance is sufficient in switched mode operation. Czg and Cpg
will remain static. The inductances Lp and Lg represent the package parasitic
inductive components of the drain D and source S connection of the transistor,
respectively. To calculate the losses in switched mode operation, the model is
turther simplified (Fig. 3.5, right) and the package parasitic inductive effects are
combined in one inductor at the drain terminal L. As will be shown later, Lp is
critical for the CMCD operation and a minimized drain inductance is preferred.

3.2.2 Transistor Loss Mechanisms and Loss Calculation
Influence of on-resistance and output capacitance

As shown in Fig. 2.5 in Section 2.3.1, the current in the ideal CMCD is switched
at zero voltage at the transistor drains. There is a zero voltage switching (ZVS)
condition. Therefore, the parasitic output capacitance can be absorbed in the
output filter. However, this assumption is not true for a non-zero on-resistance.

In modern RF optimized transistors, the feedback capacitance Cp is highly
optimized and considerably smaller than the drain-to-source capacitance, that
is, Cap < Cpg (e.g., Wolfspeed CGH27030S GaN HEMT with Cp = 0.4 pF
and Gpg = 2.0 pF [31]). Therefore, for loss calculations the output capacitance
1s reduced to Cpg.
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3.2. Theory and Limats of Switched Mode Operation

The drain current at the first transistor ip; is depicted in Fig. 2.5 and is given

by
Ipc — Bos2t) oo Lo <wt<
2Ipc T DS — Ups2 (wt) Ro 0<wt<m,
b1 (wt) switch S; on
ip1 (wt) =
D1 Dpsi@l) . Cpe 4 upgy (wi) - = T < wt < 2,
switch S; off
| 2Ipc = Vbsmaz - weos (wt) - Cps — Vpsmax - sin (wi) - -
—VDS.maz - wcos (wt) - Cps — Vs maz - sin (wt) - R—lc
(3.1)
with

UDS1 (C‘)t) = _VDS,max - sin (Wt)
for m < wt < 27 and

vps2 (wt) = VDS mag - sin (wt)

for 0 < wt < 7.

The voltage at the first transistor vpg; can expressed by

ip1 (wt) - Rpson 0 <wt <, switch S; on
vpsi (wt) =

. (32
—VDS maz sin (wt) 7 < wt < 27, switch Sy off (32)

assuming the losses at Rpg or, dominate in the on-state of the switch (Rpg on <
wchs | Rc). The power loss at the first transistor Pr o451 due to the non-zero
on-resistance Rpsg o, is given with Vpgmaez = mVpe by

2

1 .
PT,loss,l = % /ZDl (Wt) *UDS1 (wt) dwt
0

(3.3)

and
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1
PT,lass,l - 2I%CRDS,on + - (7""/DCWSC’DS)2 RDS,on

4
3.4)
1 21 72 RDSon RDSon 1 27 72 1 (
-4V, — —41pcaV; : -mVir—.
M) peVpe—p =t g™ Vbe o
With Rc — 00 Prjgss,1 is reduced to
1
PT,loss,l = 2Il2)CRDS,on + - (WVDCWSCDS)2 RDS,on- (35)

4

Assuming a symmetrical design, the losses at the transistors are equally large.
The efficiency factor nrg for the resistive losses at the transistor is

nre = 1— 2P)T,loss,l
Ppc
- 11— 4I%CRDS,on + % (T‘-VDCWSCDS)Q RDS,on

2Vpcolpe
1 2 1 1 1_2v,2 1
§7T2VDCRDS,onPTQC — 8IDCVDCRDS,oinC + 5™ VDCPTC

2Vpcelpe
(3.6)
With 2.18, npr can be written as a function of the optimum load Ry, by
R
nrp =1— ——2%on _ (wsCps)® RLRDS on
21, (3.7)
. RLRDS,on + 4RDS',on . & '
RZ, Rc Rc¢
With Rc — oo nrg is reduced to
™R
nrr =1 — ——=25% _ (4, Cpg)? RrRpson | (3.8)
2R,

Fig. 3.6 (left) shows the efficiency factor g as a function of optimum load Ry,
for different values of Rpg on and Cpg at f; = 900 MHz and R — oo. At the
right side Cpg is fixed at 1 pF and n7p given for different values of Rpg o, and
Rc.
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Figure 3.6.: Efficiency factor nrgr as a function of optimum load Ry, for different values of
Rps,on and Cps at fs = 900 MHz and Rc — oo (left) and different values of Rps,on and Rc
at fs = 900 MHz and Cps = 1 pF (right)

Influence of rise and fall time of the transistor

A real transistor has a non-zero transition time. Switching won’t occur instan-

taneously but with a non-zero rise and fall time due to the RC circuit at the

transistor input formed by the gate resistance R¢s and the gate-to-source capaci-

tance Cgg as well as the feedback elements Cqp and Rgp and the bond wire

inductance L. [8] models the real switching behavior of the transistor with a

trapezoid drain current waveform with the rise / fall time 7 in radians (Fig. 3.7).
Fourier decomposition of the trapezoidal drain current ip; gives

ip I
I

D,mazx

Figure 3.7.: Trapezoidal drain current ip1 modeled with rise and fall time 7
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81 «— 1 T
ip1 (nwt) = Ipc |1+ —— Z — sin (nf) sin (nwt) (3.9)
T =135,." 2

with the fundamental amplitude p1 (1), which will appear at the load,

~ 8 1 . T
ZDl(].) = ;IDC; S1n (5) . (3.10)

The efficiency factor npr is then calculated with the fundamental drain current
amplitude p; (1) and the differential voltage amplitude 94, by

Pout o %ﬁdiﬁ%Dl(l)

= = . 3.11
r Ppc 2Vpelpce (G-I
With Vgiff = VDS,maz = ™VDC (Equation 2.16), nrr 1s
2sin (L
nrr = T(Z) . (3.12)

Looking at Fig. 3.7 one might wonder about the phase shift of —F compared
to the ideal drain current waveform. This assumption simplifies the Fourier
decomposition. However, the differential voltage 04,5 will have the same phase
shift and the absolute phase is not needed for calculating the efficiency.

Influence of the drain inductance of the transistor

The inductance Lp represents parasitic, inductive components at the drain ter-
minal of the transistor. Moreover, Lp can include inductive source parasitics
(e.g., vias). Any inductance at the transistor’s drain or source terminals lies in
series with the output network of the CMCD amplifier. In opposition to the
drain-source voltage, the current is hard switched (Fig. 2.5), there is no zero
current switching (ZCS). As a first approximation one can assume that all saved
energy (from switching) in Lp will be lost.

The saved magnetic energy Erp of inductor Lp at every switching cycle is
given by

1
Erp = 5LDI,%MM. (3.13)

The power loss Prp at the switching frequency f; is obtained with equation 2.7
by
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Figure 3.8.: Efficiency factor 1 as a function of rise time 7 (left) and efficiency factor nrp as a
function of optimum load Ry, for different values of Lp at f; = 900 MHz (right)

1
Prp = §LDII2)’mM fs =2LplHe - fs (3.14)

The efficiency factor 7y, p for the influence of the (two) drain inductors is calcu-

lated as a function of optimum impedance R, (Equation 2.18) by

2P ALpI? . -
mp =1 22p _y ALplpe fs (3.15)
Ppc 2Vpcelpe
and
_,_ ™ Lok (3.16)
nLp = 5 R, | .

Fig. 3.8 (left) shows the efliciency factor npr as a function of rise time 7. At the
right side the efficiency factor 77, p is shown as a function of the optimum load
Ry, for different values of drain inductance Lp at fs = 900 MHz.

3.2.3 The Class-D Amplifier in Backoff Operation

Similar to any switched mode amplifier architecture, in class-D the amplitude
information of the amplifier’s input signal is lost due to the highly compressive
operation of the transistors.
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3. RF Transistors in Switched Mode Operation

Equation 2.20 shows that the output power of the ideal current mode class-D
amplifier solely depends on the supply voltage Ve and the load resistance Ry

_ Vi

out — ?RiL
In other words, there are two degrees of freedom to vary the output power, either
by modulating the supply voltage or by modulating the load resistance. A third
degree of freedom would be the operating point of the transistors. However,
moving from class-D switched mode to a (slightly) linear operation, that is,
class-AB, comes at the cost of efficiency and, as will be seen later in Section 3.3,
stability. Load modulation is used in the outphasing amplifier concept or the
Doherty amplifier. The EER amplifier concept uses a varying supply voltage to
restore the amplitude modulation at the output of a switched mode PA.

To benchmark both load modulation and supply modulation equation 3.7 is
used to calculate the efficiency of the switched transistor. It can be seen that the
efficiency factor g only depends on the load R, and not on the supply voltage.
The switching losses are load-dependent, however they are constant for a varying
Vbe. Meanwhile it has to be noted that the gain of a transistor usually changes
with the supply voltage. Towards lower V¢ the gain drastically decreases [32].
The typically low gain margin in compressive switched mode operation leaves
only a limited range of V¢ to achieve a good PAE.

(3.17)

Rpson=10 Cpg=2pF R=5k(}

100 ‘ 100 —
R, =509
90 = T T T = = ——— 90+ .
~ 8o} [/ - d ~ sof e .
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Figure 3.9.: Efficiency factor 77 as a function of load resistance Ry, i.e., load modulation (left)
and gain-weighted efficiency factor 17 g as a function of gain, i.e., supply modulation at Ry, = 50 §2
for different switching frequencies. The parasitics are extracted from the model of the Wolfspeed
GaN HEMT CGH27030S [31].
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Fig. 3.9 (left) shows the efficiency factor g as a function of load resistance
Ry, for different switching frequencies f,. The parasitic values Rpg on, Cps and
R¢ are extracted from the model of the Wolfspeed GaN HEMT CGH27030S
[31]. At low switching frequencies a relatively large efficient load range is visible.
At higher switching frequencies a load optimum can be noted which gradually
decreases towards high switching frequencies. On the right side of Fig. 3.9 the load
is kept constant at R;, = 50 and a gain-weighted efficiency 17z - (1 — 52-)
is given as a function of swept transistor gain to illustrate the influence of the
transistor’s supply-voltage-to-gain dependence.

3.3 Stability Considerations and Input Network

3.3.1 Input Signal

The two transistors in the current mode class-D amplifier are driven by 180°
phased-delayed input signals v;;,1 and v;p2 at the switching frequency f;. Fig. 3.10
shows two input signal waveforms - a rectangular and a sinusoidal drive signal.
The rectangular drive signal is modeled with a finite rise time 7 and initially
seems more likely to be a suitable drive signal for a switched mode PA. However,
most sources in the GHz domain usually output a sinusoidal one-tone signal.

In order to compare the necessary input voltage amplitudes of rectangular and
sinusoidal drive for a given fixed rise time 7, the input voltage waveform of the
sinusoidal signal is given by

wt

Vinl (wt) = f)in,sin - sin <27‘r> (318)

with 0;p, sin the amplitude of the sinusoidal input signal.

A [ S
Vi1 ;i 1{msin

in,rect |"7

........................

bias

s ——a e S T wt
Vo TTh T+ o T-Th

Figure 3.10.: Rectangular and sinusoidal input signal of the switched transistor modeled with rise
and fall time 7
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With vin1 (Z) = Dinrect the rectangular amplitude ¥;,, yeet can be written as a
P ; g p )
function of vjy, sin, by

Vin,rect = Vin,sin - S (g) . (3.19)
For a given rise time of 7 = %, Vin,rect €quals to 0.31 - Vi, sin. In other words,
the amplitude of the sinusoidal input has to be three times bigger compared to
the rectangular amplitude to achieve the same rise time. For instance, 7 = 2%
equals to a rise time of 100 ps at a switching frequency of 1 GHz.

The bias voltage V45 in Fig. 3.10 is calculated by Viiqs = %@in,rect- However,
the optimum bias voltage is defined by the (nonlinear) transfer function of the
transistor. Therefore, Vj;4s is optimized in simulation and measurement with
respect to switching efficiency. Additionally, a logic circuit should turn off Vs
when no input signal is present, in order to avoid drawing excess current and
keep the transistors in off-state.

3.3.2 Stability Considerations

The exponentially growing gain factor of RF transistors towards lower frequencies
(see, e.g., [33]) in conjunction with device internal feedback mechanisms like the
gate-to-drain capacitance Cp can lead to self-oscillation. Therefore, measures
have to be applied to the amplifier circuit to avoid unstable conditions within
the scope of all operating states. However, these measures usually come at the
expense of gain. Fig. 3.9 (right) depicts the influence of gain on the power-added
efficiency. For instance, a gain of 10dB reduces the PAE by up to 10%. In
compressive switched mode operation, gain is especially critical and the efficiency
yield of a switched mode PA can be easily consumed in comparison to a linear
power amplifier.

The large-signal stability of an amplifier is influenced by four attributes [34]:

® bias point Vp;4s of the transistor,

* input power P, at the input port,

* input matching I'g of the amplifier,
* output matching I';, of the amplifier.

To verify unconditional stability in an amplifying regime, that is, to prevent any
instabilities leading to, for example, oscillating regimes, several tests are available
as shown in [34]. These stability tests are carried out for all operating points of
the amplifier including DC bias points, input powers and matching conditions.
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Figure 3.11.: Figure of merit for amplifier stability

In switched mode operation, however, there are only two levels of input powers
corresponding to the switched transistor being in off-position (P;;, = 0 W) and
in on-position, i.e., compression (Pj;, = Pjy, o). Additionally, there is only one
Viias level.

As for the input and the output matching, two cases have to be considered:

e out-of-band stability, f < (fs — &) and f > (fs + £):
impedances are unknown or close to reflection (I" very high) at harmonic
frequencies — unconditional stability necessary,

® in-band stability, (fs — 2) < f < (fs + 5):
impedances are controlled — conditional stability might apply.

The reflection coeflicient I';y,4, defines the maximum stable impedance space at
either input or output. Fig. 3.11 visualizes this with the help of stability circles
of unstable regions in the Smith chart. These stability circles are well defined
with a midpoint ¢ and a radius r in the Smith chart for each frequency f. The
figure of merit |I'y05| < |¢| — || has to apply.

The input impedance “seen” by the switched mode amplifier is usually well-
defined in-band. The switched mode amplifier is integrated in a system with
driver amplifiers and control logic. The driver’s output impedance is fixed (a0
is known) and the PA is only active when the drivers are active too. The output
of the amplifier is matched in-band with the load, e.g., an antenna. However, a
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3. RF Transistors in Switched Mode Operation

varying voltage standing wave ratio (VSWR), e.g., due to reflections, deteriorates
the matching conditions. The worst-case VSWR of an antenna VSWR,,45 1s
related to I'yq0 by

VSWR 4z — 1
VSWR ez + 1

A VSWR of, e.g., VSWR,,,4 = 9 (bad antenna matching) leads to a requirement
for the stable impedance space of I’y = 0.8.

In summary, unstable conditions can be narrowed down and avoided by am-
plifier design (system integration with driver and load), application (antenna
VSWR) and auxiliary circuitry (DC bias control). Therefore, conditional stabil-
ity is suflicient in certain cases and, as a new degree of freedom, can be used to
optimize the gain of the switched mode amplifier.

(3.20)

Fmaa: =

3.3.3 Proposed Input Network

Common PA stabilization network implementations usually differentiate be-
tween low frequency and high frequency stabilization. Low frequency stability
is typically maintained by lumped-element networks, whereas high frequency sta-
bility is accomplished by a combination of lumped components and distributed
elements. Therefore, it is required that the wideband parasitic properties of all
lumped components are known.

Fig. 3.12 shows the input circuit used in this work. It is derived from earlier
works of the author and has proven to sufficiently maintain stability in GaN
transistor-based power amplifier designs [35-37]. Capacitor C's and shunt re-
sistor Ry in Fig. 3.12 form a first-order RC high-pass circuit for low frequency

T Vbias T Vbias

baseband baseband
"short" : "short"
| :
Jureflect'| R,
: equivalent
1 input network
c, FET
1l R :
R, . ir " L
Jf, input It 1

match 'C' : |
s —=— CI i Cin CI

Figure 3.12.: Proposed input network for narrowband (left) and wideband (right) matching

38



3.3. Stability Considerations and Input Network

2.0 ‘ i 26
\ — D =0.8 24 1 S -
1.8 1 s N
\ —- =1 / \
22 3 .
5 161 . ! \
0 o 20/ { -
|.|_m 1.4 |- ~ / \
“? . U 18 ml A\ N
3121 5 16! N
uﬂ; o I
i 14 §
1.0 | — Tee=0.8
12 =
0.8 |- n-- Fmaz =1
M| N | L L 10 M| L N
101 100 101 100
Frequency f (GHz) Frequency f (GHz)

Figure 3.13.: Stability factor for the input network of the E-pHEMT ATF-541M4 optimized for
stable output impedance spaces with I'jae = 1 and I'imae = 0.8 (left) and resulting power gain
G as a function of frequency f (right). At f = 900 MHz the reduction of stable output-I" results
in 1.3 dB of additional gain.

stability. Additional low frequency damping is added by the parallel circuit R
and Cy. High frequency stability is maintained by the low-pass characteristic of
the transistor-internal bond wire inductance L¢ and the input capacitance Cjy,
in conjunction with the external parasitic shunt capacitance C'; and the input
matching network.

High frequency stability is additionally influenced by the bias voltage connec-
tion. RF isolation has to be maintained either by individual harmonic traps (f,,
“reflect” in Fig. 3.12 left) or by a wideband lumped-element solution (inductor L4
in Fig. 3.12 right). L, has to be wide-band for RF including harmonics f,, but
should be low impedance for the video (baseband) bandwidth. Suitable compo-
nents with broadband performance are, for example, conical inductors provided
by Coilcraft and Piconics [38]. The actual component position in Fig. 3.12 is not
mandatory, provided that parasitics of all lumped elements are known.

In the following example, two input networks are optimized for the Av-
ago/Broadcom GaAs E-pHEMT ATF-541M4 [33]. Fig. 3.13 (left) shows the
stability factor for two stable output impedance spaces I for I';,q, = 1 and
I'ynaz = 0.8. The unstable impedance space (stability factor < 1) extends from
700 MHz to 1.9 GHz. This frequency range is assumed to be in-band and there-
fore controlled (and is close to the maximum 100% bandwidth of a CMCD PA,
see Section 2.2). The resulting power gain G for the two input networks is shown
in Fig. 3.13 (right) as a function of frequency f. At f = 900 MHz the reduction
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Figure 3.14.: Stable output impedance space I" for the optimized input network of the E-pHEMT
ATF-541M4 with I'yaz = 0.8

of stable output-T' results in 1.3 dB of additional gain. Finally, Fig. 3.14 shows
the optimized stable output impedance space for I';,4 = 0.8.
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4  Output Network Analysis

This chapter discusses the output nerwork of differential switched mode amplifiers.
After a short motivation, the so-called mixed mode S-parameters are introduced and
then used to define the optimum harmonic impedance space of the current mode
class-D amplifier in common and differential mode. Afterwards, two output filter
implementations are shown and an optimized manufacturing technique is proposed.

The main contribution of this chapter is the calculation of ideal harmonic output
impedances of the CMCD PA, the analytical evaluation of the output network im-
balance, the analysis of the DC supply network, the calculation and evaluation of a
low-pass output filter and the low parasitic PCB implementation of discrete output
filters.

4.1 Motivation

The output network of an RF power amplifier defines its mode of operation.
The output network impedance sets the loadline and therefore the relationship of
voltages and currents at the fundamental and harmonic frequencies. It suppresses
harmonic signals from the amplifier output. Moreover, it transforms the output
impedance of a differential amplifier design to the single-ended or (if preferred)
differential load and therefore defines the output impedance of the amplifier. Last
but not least, the output network implements the constant current sources for
the switched transistors and isolates the DC supply voltage from the RF signals
at the transistor drains. The output network has a significant influence on the
total efhiciency of the amplifier (see Fig. 4.1).

A loss of just 0.6 dB will result in a 10% reduction of total efficiency employing
relatively efficient PAs (efhiciency > 70%). Poor output network design can ruin
any efficiency enhancing qualities of switched mode PAs. Fig. 4.2 sums up the
desired output network attributes.
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Figure 4.1.: Influence of the output network loss on the total efficiency of an amplifier
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Figure 4.2.: Summary of output network attributes in efficient switched mode power amplifiers

RF Output

4.2 Mixed Mode S-Parameters

The current mode class-D power amplifier has a differential output. Therefore,
to attach a single-ended load, the differential output impedance of the PA has
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to be transformed to a single-ended one. The output network has to serve as a
balun.

A balun, essentially being a mode and impedance transformer, is in reality a
three-port device. The balanced input, which is composed of two ports, is a three
line system, which can propagate two different modes [39, 40]. Consequently,
every balun transformer can be fully described by a 3x3 S-matrix S with incident
waves a and reflected waves b,

b=S-a (4.1)
and the scattering parameters
by S11 S22 Si3 ap
by | = | St Sz Sz || a2 |- (4.2)
b3 S31 Sz S33 as

However, a single-ended S-parameter matrix of this three-port device will only
give an indirect view of the mode conversion taking place in a balun, i.e., in
the output network of a power amplifier. Therefore, a different description,
the mixed mode S-parameter matrix, employing differential and common mode
stimuli will be helpful. Fig. 4.3 shows a reduced two-port description of the
balun with three stimuli: the differential mode stimulus a4; , the common mode
stimulus a.; and the single-ended stimulus a2.

The so-called modal scattering matrix S, is a 3x3 matrix defining the relation-
ship between incident waves a,, and reflected waves b,,, at the balun [41].

b = Si - am (4.3)
differential single-ended
port port

a’tll —
e 2 — Gy
b —C _, 5,

] — 52
br:] <

Figure 4.3.: A balun as a two-port device with mixed mode stimuli

43



4. Output Network Analysis

With the three stimuli a4, ac1 and as2, Sy, can be expressed by

ba1 Saair Sde11 Sasi2 aqi
bet | = | Seatr Scetr Sesiz | | aer | - (4.4)
bsQ Ssd21 Ssc?l 55522 as2

The resulting new set of modal scattering parameters has been renamed and
can be distinguished from conventional nodal S-parameters. The scattering
parameters indexed with “dd”, “cc” and “ss” describe the reflection quantity
of differential, common and single-ended signals, respectively. The indices “dc”
and “cd” are conversion parameters and describe the conversion of modes at the
differential port during reflection. The indices “sd”, “ds”, “sc” and “cs” describe
the conversion of single-ended to mixed modes and vice versa during transmission
between the two balun ports.

[41] shows that the modal S-matrix S,, can be derived from the nodal S-matrix
S via the conversion matrices M; and My, which represent the relationship of
differential mode (Z;) and common mode (Z.) impedances:

Sy = (M;S + My) (M; + M,S) ™| (4.5)

Zg and Z, are given as a function of odd- (Zp,) and even-mode (Zy.) impedances
and the coupling constants ko, and ko, which represent coupling in the differen-
tial network. Zj is the reference impedance (e.g., 50 2):

Zq = 22y, = 2kooZo, (4.6)
1 1
ZC = 5206 == 5[{?er0. (4.7)

The odd- and even-mode impedances are generally not equal to Zj in differential
systems with coupled lines [41].

The conversion matrices M and My of the mixed mode S-parameters are
given by

1+k00 _ 1+I€00
2v/2koo 2+/2koo
M frd 1+k0€ 1+k08 4.8
! e avahe U (4.8)
0 0 1
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4.2. Mixed Mode S-Parameters

and
l—koo _ l—koo 0
2v/2koo 2+/2koo
— 1—koe 1—Fge
M; = wﬁ 2\/2];)? 0 |- (4.9)
0 0 0

Older publications use a simplified description of the conversion matrices. If
a system with weakly coupled or uncoupled transmission lines is given with
Zy = 509, the impedances in differential mode and common mode can be
estimated to be Z; = 100 and Z. = 25). Therefore, the coupling constants
are calculated to kg, = koge = 1. The conversion matrices are then reduced to

1 -1 0
Mi=v2|1 1 o0 (4.10)
0 0 V2

and
M, = 0. (4.11)

To calculate the mixed mode S-parameters, the nodal S-matrix S can be easily
obtained from linear S-parameter simulation or measurement. However, the odd-
and even-mode impedances and, therefore, the coupling constants ko, and k. are
more difficult to determine. Electro-magnetic (EM) simulations using, e.g., finite
element methods (FEM) allow an accurate calculation of odd- and even-mode
impedances in a system with coupled lines. As for measurement [41] suggests
using time domain reflectometry (TDR) to characterize coupled lines.

The mixed-mode impedances Z,, are linked to the modal S-matrix S,,, with
the unit matrix E and the reference impedance Zj by

Zom = Zo(E—Sp) L (E+Sm)| (4.12)

Input impedances of the output network / balun in differential mode Z;411 and
common mode Z..11 are calculated accordingly.
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4. Output Network Analysis

4.3 Harmonic Termination

One of the main requirements for the ideal switched mode operation is the
proper harmonic output impedance termination (compare Table 2.1). In Sec-
tion 2.3.1, some impedances of the current mode class-D amplifier have already
been determined in a visual way from the ideal voltage and current waveforms. In
a mathematically correct approach this differential amplifier has to be described
by differential mode (Z4411) and common mode (Z,c11) impedances.

4.3.1 Ideal Harmonic Termination

Fig. 4.4 depicts the currents and voltages in differential mode (i45 and vgp7) as
well as common mode (icom and veom)-
By recalling the current and voltage waveforms at the CMCD

o0

4 1
ip1/2 (wt) = Ipc |14 = Z — sin (nwt) (4.13)
T =135, "

and

1 oo
vps1/2 (Wt) = ;VpsﬂﬂaaC 1+7 sm (wt) Z ] cos (nwt)| (4.14)

n=2,4,6,...

from equations 2.6 and 2.14, the differential and common mode signals can be
calculated according to Fig. 4.4. The current and the voltage in differential mode
is then given by

idiﬂ (wt) = Ipc—1ip1 (wt) =1D2 (wt) —Ipc (4.15)
= I 4 i Lsi t 4.16
= —Ipc|— Esm(nw) (4.16)
n=1,3,5,...
and
vair (Wt) = vpsi1 (wt) — vps2 (Wt) = VDg mae sin (wt) . (4.17)

The common mode current and voltage are
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Figure 4.4.: Ideal current mode class-D amplifier with differential output filter

Leom (wt) =2Ipc — (iDl (wt) + ipa (wt)) =0 (4.18)
and
1
Veom (wt) = 5 (vps1 (wt) + vpga (wt))
= lV 1-— i 2 cos (nwt) (4.19)
T e n=2,4,6,... n?—1 ' .

The impedance in differential mode Z;411 comes to

Daygy (n)

Zgain (n) = air ()

, (4.20)

with 94 (n) and @ gig (n) the Fourier coefficients of the nth harmonic. This term
is only defined for odd harmonics (n = 1, 3,5, ...). For n = 1 the differential
mode impedance is

s VDS mazx 7T VDC
Z —_ = =R 4.21
ad1 (1) = 1 Ipc T Ioe L (4.21)
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4. Output Network Analysis

with Ry, the optimum output load of the CMCD PA as shown in 2.18. For
higher odd harmonics Z;41; is reduced to

Zagi1 (n = 3,5,7,...) = 0. (4.22)

The impedance in common mode Z,.1; is

7A)com (TL)

chll (n) = ; (n)

: (4.23)

with Deom (n) and icom (n) the Fourier coefficients of the nth harmonic and is
only defined for even harmonics (n = 2, 4,6, ...) with

Zeer1 (n = 2,4,6,...) = oo. (4.24)

Zec11 additionally includes a DC term, therefore the output network has to
be galvanically isolated from the ground terminal. This will be important in
Chapter 5, when single-ended loads with baluns are implemented.

So far impedances have been calculated only from the ideal voltage and current
waveforms at the CMCD PA. In this case the common mode impedance of the
fundamental (Z..11 (1)) is not defined and therefore can be set arbitrarily - the
class-D PA will be terminated correctly. However, the given set of harmonic
impedances does not define where the RF power is actually absorbed. Fig. 4.5
illustrates the mixed mode load impedance Z1,, which is composed of the load
impedances Zgig and Zeop,. Ideally Zg;5 should be equal to the output resis-
tance Ry, to implement Zgq11 (1) = Ry. The latter can also be shown by an
arbitrary combination of Z g5 and Z.op, as they are both connected in parallel in
differential mode. In that case the RF power will be absorbed in both Z 4 and
Zcom, reducing the power at the (differential) load Ry, and ultimately derogating
efficiency. For an ideal harmonically tuned and highly eflicient current mode
class-D amplifier, the common mode impedance Z..1; for the fundamental has
to be

chll (n = 1) — 00, (425)

making sure that all the RF power is absorbed in the differential load Ry
Table 4.1 sums up the ideal harmonic impedances at the CMCD amplifier.
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Z
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Zr]ijf

ZL
Z{idl 1 Z(‘('l 1

com

Figure 4.5.: Mixed mode load impedance Z1, composed of impedances Z a5 and Zeom

Table 4.1.: Ideal harmonic impedances at the CMCD PA

Harmonic frequency n - f Impedance Z;,
Differential mode Common mode
(Zaan) (Zee11)
Direct current (DC) n.d.! oo (open)
Switching frequency f; Ry, (load) oo (open)
Even harmonics n n.d.! oo (open)
Odd harmonics n 0 (short) n.d.!

'n.d.: impedance is undefined

4.3.2 Output Network Imbalance

The common mode termination for even harmonics (Z.11 (n = 2,4,6,...) —
00) is often neglected or overlooked in literature and a fully symmetrical design
is assumed. However, in the (U)HF domain this is never the case.

The efficiency factor np; describes the influence of a finite common mode
impedance Z,.11, caused by an asymmetrical design on the CMCD efhiciency.
For the fundamental frequency (n = 1), npr (n = 1) is calculated according to
Fig. 4.5 by the ratio of powers absorbed into the impedances Z;5 and Zop,:

1

Pdiﬁ . Z gy

1

= 1 = =
sl (n ) Pdiﬁ +Pcom 1

1 -
Zdify T oo Lt 57

Zaifp -

(4.26)



4. Output Network Analysis

With Ree11 (n=1) = %Zcom and Ry, = Zgigr, npr (n = 1) is given by

1
npr(n=1=———5—| (4.27)
L+ T

For the even harmonic frequencies (n = 2,4, ...), npr (n = 2,4, ...) is as well
calculated by the ratio of powers at the impedances Z ;5 and Zeop,:

_ Py (n = 1)
Pdiﬁ (TL = 1) + Peom (n = 2,4, ) ’

nBr (n = 2,4,...) (428)

~2
Vd,

With Py (n =1) = P = % Rf from 2.10 and 94, = VDS max from 2.16
and

2
17,2 2
) 1y, 2
=2,4,.. z2VDs, (2,)
Poom (n = 2,4,..) = Leom (N =24 w0) w27 DSmas (72T (4.29)
ZCOm ZCOm
from 4.19 the efficiency factor npr (n = 2,4, ...) is
lVgS,maac 1
npr (0 =2,4;...) = 2 : 1}\2/L2 ( 2 )2 - 2 2 \° R
A
(4.30)
and with Re.i1 (n=1) = %Zcom it can by expressed by
1
npr (n=2,4,...) = (4.31)

- 2
2 2 R
1+ 2 (n2—1> 2Rcc11

Fig. 4.6 shows the efficiency np; as a function of a non-ideal common mode
impedance (Z¢c11 = Rec11). The resistance Rec11 is swept for the fundamental
and three even harmonic frequencies individually and then normalized to the
load resistance Ry. Towards high resistances R.c11 (n) the efficiency is 100%.
Towards low Rcc11 (n) the efficiency degrades with the fundamental and the
second harmonic having the greatest influence. The calculations have been
verified with a Keysight ADS simulation of an ideal CMCD PA with an ideal
differential termination (Zg4411 (n = 3,5,7,...) = 0).
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Figure 4.6.: Efficiency degradation of an ideal CMCD PA with non-ideal common mode termina-
tion by sweeping the Rec11 of the first and nth even harmonic

Using Rcc11 as a purely resistive common mode impedance is assumed to be a
worst case scenario compared to reactive loads. However, parasitic transmission
lines in common mode can have a strong impact on the efliciency by transforming
an “open” to a “short” condition. The balun design in Chapter 5 will (among
other things) focus on the common mode impedance optimization.

4.4 Analysis of the DC Supply Network

The current mode class-D amplifier is a current switching architecture (opposed to
the voltage switching VMCD PA). Therefore, constant current sources are needed,
which can be implemented in the RF domain with DC biased inductors (Fig. 4.7).
These so-called radio frequency chokes (RFC) supply the amplifier with the
constant currents I pc and therefore low DC losses are desirable. Furthermore,
the RFCs isolate the RF from the DC domain, hence they are required to be
high-impedance for the switching frequency and its harmonics.
DC losses are modeled by the parasitic series resistance Rrpc.

4.4.1 Dimensioning of the Radio Frequency Chokes

When dimensioning the radio frequency chokes, three items have to be consid-

ered:

* Lgrrc should be sufficiently large to supply the energy of half an RF cycle
(two inductors in the design),
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4. Output Network Analysis

E> GRFC

Figure 4.7.: Radio frequency chokes (RFC) with Vp¢ bias, modeled as current sources in the RF
domain

® Lrrc should be as small as possible to minimize capacitive or resistive
losses,

® Lprc has to be high-impedance for the switching frequency and its har-
monics.

The energy Erpc saved in the inductor Lipc is given by

1
Errc = iLRFCI P (4.32)

With the fundamental component of the differential current i g (wt) (Equa-
tion 2.8) and T = i, the fundamental energy of half an RF cycle Erp can be
written as

Ts Ts
P 4 ? 4,
ERFJ == /I’diﬁ (Wt) RLdt == ;IDC sSin (Wt) RLdt == ﬁTSIDCRL
0
(4.33)
With Egpc > Egp the minimum value of Lrpc is
8 1
Lrrc > 727RL . (4.34)
™ fs

In order to account for losses, L e should be slightly overdimensioned.
Fig. 4.8 (left) shows the minimum inductance Lrp¢ as a function of load
resistance Ry, for different switching frequencies.
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Figure 4.8.: Minimum inductance L ¢ as a function of load resistance Ry, for different switching
frequencies (left) and efficiency factor nrrc as a function of load resistance Ry, for different Rrrc

(right)

4.4.2 Influence of Parasitic Resistance

At a constant DC current Ipc, the power loss Prrc at the RFC inductor can
be obtained by

Prpc = IhoRrrc. (4.35)
The efficiency nrrc is
2Pgrc 213 Rrrc
rrc =1— =1 T DCTREC 436
RE Ppc 2Vpcelpe (+:36)

and with the optimum impedance Ry, (2.18) it can be expressed by

72 Rrpe

=1 =
NRFC 1 R,

(4.37)

Fig. 4.8 (right) shows the efficiency factor nrp¢ as a function of load resistance
Ry for different Rrpc.
4.4.3 Component Selection

As shown earlier in Section 3.3.3, the so-called conical inductors provided by
companies like Coilcraft and Piconics [38] offer a superior broadband performance
compared to standard lumped inductors. Fig. 4.9 shows two components, a
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10 T T T T
: — - Standard coil |]

10° — Conical coil |4

Impedance Z(2)

f(GHz)

Figure 4.9.: Coilcraft standard lumped inductor 1008HQ with Lrrc = 100 nH and Coilcraft
conical inductor BCL-531JL with Lrrc = 530 nH and comparable Rrrc

Cotilcraft lumped inductor 1008HQ with Lrrpe = 100nH and Rrpe = 0.16 Q2
and a Coilcraft conical inductor BCL-531JL with Lrrc = 530 nH and Rppe =
0.15Q, and compares them on the frequency axis.

4.5 Optimized Output Filter

4.5.1 LC Resonator Output Filter

As the Sections 2.3.1 and 4.3.1 have shown, the ideal CMCD is terminated at
the output with a differential filter, which shorts differential harmonic content
of the switched currents (Z (n = 3,5,7,...) = 0) at the load. The simplest
implementation of such a filter is a parallel LC resonator circuit with inductor
L p and capacitor Cp. Parasitic losses of the reactive components are characterized
by the resistor Ry (Fig. 4.10 and Fig. 2.7).

. C, .
R o
=l i

CDS CP Rv LP
Z, ° b

Figure 4.10.: Output filter in LC resonator circuit configuration
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4.5. Optimized Output Filter

In order to ensure ideal harmonic termination, the resonance frequency of the
output filter f. has to be tuned to the switching frequency of the amplifier f,

fc:fs- (4-38)

Assuming that Lp and R of the switched transistors (Fig. 2.7) are small, the
parasitic drain-to-source capacitance Cpg and C'p can be merged in the combined
capacitance C, = Cp + Cpg and f, is given by

1 1
~2r/LpC;,  27\/Lp(Cp + Cps)

The loaded Q factor of the resonator @ p can be obtained with the total parallel

resistance Rp = ﬁ by

fe (4.39)

R, " Ry

c’
Qp=Rp-|-L (4.40)

Lp

and with 4.39 Q) is
Rp
_ A

Qp =27 f.RpCl = 7 7.Lp | (4.41)

In conjunction with f,. the 3dB resonator bandwidth Bp can be given as a
function of the loaded Q factor by

2

Qp |
For a given Rp and f, the loaded Q factor Q p and, therefore, the bandwidth of
the resonator depend on the selection of C and Lp.

The 3 dB percent bandwidth Bpg, as shown in equation 2.2 in Section 2.2,
can be written as a function of Q p with

Bp (4.42)

— B 1
BP%:Q-M— P _— | (4.43)

for+fun fe Qp

Harmonic signal suppression of the resonator

The impedance of the loaded resonator Z, is
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Zr (w) = ! = ! . (4.44)

1 . / 1 .
"y T JwCp + joLp R%) +J (wC}D - ﬁ)

With 4.41 and the harmonics of the switching frequency w = n - ws = n - 27 f.
and w, = w; the impedance Z7, (n) is

RP . RP
1+ jRp <anC}3— 1 ) 1+jQp (n—%)

nwsLp

Zp(n) = (4.45)

The harmonic spectrum of the differential current i45 has been calculated in
equation 2.8 in Section 2.3.1 and is

igif (nwst) = 'Zdiﬁ (n) sin (nwst) (4.46)
with the harmonic current amplitude

4

i (n) = %IDC. (4.47)

To account for losses due to inadequate harmonic matching solely, the parasitic
losses of the resonator now will be disregarded, i.e., Ry > Ry, and therefore
Rp = Ry,

The real power at the load including the harmonic components is then given
by 44ifr and the real part of Z:

o
1
Pout - Z §<Zdzﬁ ) Re{ZL}
n=1,3,5,..
Ry
= Shem o+ Y
2ipC "L 2DC 2
r . n=35.17,.. “n 1+ (n—1)"Q%

fundamental power Poyt(1)
higher harmonics

(4.48)
The nth harmonic power Pyt (n) is then

1—|—(n—l)2 %D
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4.5. Optimized Output Filter

The efficiency factor npo describes the efhiciency degradation by higher harmonic
power at the output load due to the non-ideal harmonic impedance termination
of the loaded resonator. npo is calculated by the ratio of the fundamental power
P,.: (1) and the total power P,,; with

Pyt (1) 1
npo = —p—— = s - - (4.50)
out + Zn:3,5,7,... nZ’ 1+(n—l)2Q%

The total harmonic distortion THD is given by the ratio of the sum of nth
harmonic powers P,,; (n) and the fundamental power P, (1) and can be written
as

THD — ZZO:?,,E),?,... Pout (1) _ i 1

1
1 . (451)
Pout (1) et 14 (n- 1)@

The selection of the @ p results from a compromise:

® The minimum Q factor is determined by the minimum necessary band-
width Bp (Equation 4.42).

* The maximum Q factor is given by the maximum permitted total harmonic
distortion THD (Equation 4.51).

Apart from that, the Qp design space is limited by the availability of lumped
element device values and by parasitics.

Fig. 4.11 shows the efficiency 7po and the total harmonic distortion THD (left)
as well as the percent bandwidth Bpg; (right) as a function of Qp.

Influence of resistance Ry

The parasitic losses of the resonator are modeled by the resistor Ry . Due to
the parallel circuit of Ry, and Ry the efficiency factor npp of the resonator is
calculated with the linear power ratio of load power and total power.

1-2 1
2Vdiff Ry Ry
npp = 2 lfcRL N " Ro LR (4.52)
2 Vdigy (37 + m) v
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Figure 4.11.: Efficiency factor npo of the loaded LC resonator and total harmonic distortion
THD as a function of quality factor Qp (left) and 3 dB percent bandwidth Bpg, as a function of
Qp (right)

4.5.2 Low-pass Output Filter

The bandwidth and distortion trade-off is an inherent issue of simple filter designs
with only two elements like the LC resonator shown above. The maximum per-
cent bandwidth By, of a current mode class-D PA with three harmonics properly
terminated is 100% (see Section 2.2). According to 4.43, a percent bandwidth of
the LC resonator Bpy, = 100% results in a Q factor of 1 and, therefore, with
4.51 in a THD of only -17 dB (see Fig. 4.11 for a graphical depiction). This might
be insufficient for a transmitter design. Additionally, the resonator bandwidth
Bp is a 3dB bandwidth and, therefore, the class-D matching conditions will be
definitely violated at the edges of the tuning range, which results in efficiency
and output power degradation. Hence, a filter characteristic with a higher slope
is required.

Upon looking at the harmonic termination conditions derived in Section 4.3
in Table 4.1, one might notice that predetermined impedances are only defined
for the fundamental frequency band and its even and odd harmonics. Thus,
the previously implemented band-pass characteristic with the LC resonator is
redundant for lower frequencies and a low-pass termination is considerably more
suitable for the CMCD.

Bandwidth-wise a low-pass output filter simplifies the design of the output
network. In fact every low-pass filter exhibits a percent bandwidth of 200%
inherently. Consequently the output network can be designed and optimized
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4.5. Optimized Output Filter

solely for distortion and efficiency. There is no more bandwidth-distortion
trade-off.

Low-pass Filter Theory
The general transfer function of a passive low-pass filter can be obtained from

1
Hi (1 + a;s + bi82)

with the terms (1 + a;s + b;s*) forming pairs of poles or single poles (with
b; = 0) in the denominator and the coefficients a; and b; defining the filter
characteristic. The nth degree of the multiplied denominator gives the number
of poles and defines the order of the filter. Each pole adds a -6 dB per octave or
-20dB per decade response. A pair of poles on the imaginary axis in the s-plane
can be described by a quality factor, the pole quality Q1 p, by

QrLp = \/F (4.54)

a;

HLP (8) =

(4.53)

The transfer function Hyp (s) of a second order low-pass filter can be rewrit-
ten with Q1 p and with the resonance frequency w,, which is also the corner
frequency separating pass- and stopband, by

2
We

2 We 27
5%+ QLPSjLwC

Hpps (s) = (4.55)
as shown in [42].
The magnitude of this transfer function Gz, p2 (w) can be obtained with s = jw

by

w2

c (4.56)
\/w4 + <% — 2) w2w? + wi
LP

and with w = nw it can be expressed as a function of the nth harmonic n by

|Hrp2 (Jw)| = GLp2 (W) =

w2

c . (4.57)
\/n4w§ + ( - 2) w2n?w? + w?

LP

Grp2 (n) =
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Now the switching frequency is normalized ws = 1 and set to the resonance
frequency w, = ws = 1.

The total harmonic distortion THD [, po of the second order low-pass is then
derived from G ps (n) by

X Gon) 1 & .

G2LP2 (n = 1) %P n=3,5,7,... n 4+ ( % — 2) nZ+1 .
Lp
(4.58

The efficiency factor npo,1,p2 1s

Gipy(n=1) 1

Po.LP2 Yomeiasg.. Gipp(n) 143000 0 !
QLp Y n4+( + —2)n2+1

RLp
(4.59)
A comparison of the efliciency factor and the distortion of the second order
low-pass with the recently derived equations for the LC resonator (Equation 4.50
and 4.51) yields equality of both calculations. This is hardly surprising, though,
the LC resonator is a second order filter just like the low-pass calculated above.
To improve the stopband suppression and therefore THD, the second order
low-pass filter is converted into a third order filter simply by adding an additional

pole (s + w,) to the denominator of the transfer function Hy,p3 (s),

2
We

HLP3 (S) = .
(s 4+ we) (32 + s+ w§>

(4.60)

The magnitude of this transfer function G, p3 (w) with s = jw can be obtained
by

|Hpps (jw)| = GLps (w)
2
- Ye (4.61)
\/w6+( 1 —1>w2w4—|—< i —1)w§w2+w§
Lp Qip

and with w = nw; it can be expressed as a function of the nth harmonic by
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2
c

\/n6w§ + (% - 1) w2niw? + (% - 1) win?w? 4+ Wb
LP LP
(4.62)
The switching frequency is again normalized ws = 1 and set to the resonance
frequency w, = ws = 1.
The total harmonic distortion THD,p3 of the third order low-pass is then
derived from G p3 (n) by

w

Grps(n) =

ol G? .. (n
THD, ps — En—BQ,S,?,... 1p3 (n)
Gips(n=1)
2 & 1
ip n=357,. 1% + (Q% - 1) nt + ( i 1) n?+1
LP LP
(4.63)
The efficiency factor npo,1,p3 1s
NnPO,LP3 = G%Pg (n=1)
7 2211,3,5,7,... G%pg (n)
B 1 . (4.64)
- 1+ _2 00_ 1
Qir 2n=35... n6+( 7 —1>n4+(%—1>n2+1
RLp RLp

Fig. 4.12 (left) shows the distortion THD and the efficiency npo for the second
order low-pass (LP 2nd, THD,p2 and npo, 1, p2) and the third order low-pass (LP
3rd, THD, p3 and npo 1 p3) in comparison as a function of pole quality Qrp.
The third order low-pass improves the total harmonic distortion by approximately
7 dB.

In Fig. 4.12 (right) the magnitude of the low-pass transfer function G p is
shown as a function of normalized frequency for different pole qualities Q. p.
The frequency is normalized to the resonance or corner frequency of the filter
We, therefore w. = 1. The filter is maximally flat for Qrp = g, 1.e., it shows a
Butterworth response [42]. For higher quality factors some peaking occurs, i.e.,
the filter shows a Chebyshev response [42]. To get a good harmonic suppression
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100 e — -5 10

nro (%)

86 | - - R0 -40 — Q. p=2 o
84 LN g5 ol — o,
101 100 10t 10" 10° 10"
Qrp Normalized frequency

Figure 4.12.: Total harmonic distortion THD and efficiency npo as a function of pole quality
factor Qrp for a second (LP 2nd) and a third (LP 3rd) order low-pass filter (left) and magnitude
of the low-pass transfer function G p as a function of normalized frequency for different pole
qualities Q. p (right)

in the stopband and a good THD, the amplifier band should be moved closely
to the resonance of the filter w.. Thus, Q factors of Qrp > g are highly
desirable and the output filter will, therefore, have a Chebyshev characteristic.
The inherent passband ripple of the Chebyshev filter will slightly detune the

CMCD amplifier. However this is not an issue as will be shown later.

Third Order Low-pass Filter Design

The third order low-pass filter from Section 4.5.2 is derived from a second order
filter by just adding another single pole at the real axis of the s-plane. The filter
coeflicients, however, are not optimized to represent a Chebyshev characteristic
with a predefined passband ripple. The synthesis of an optimized balanced
low-pass filter will be illustrated in this section.

Fig. 4.13 shows a balanced third order low-pass implementation of the output
filter in ladder topology. It consists of two parallel capacitors C'p and two
inductors Lg in series. The filter is singly terminated by the load R, and driven
by the current 4.5 generated from the switched current sources of the CMCD.
In [43] equations for calculating singly terminated Chebyshev low-pass filters are
given. The normalized element values gj, are depicted in Fig. 4.13. Due to the
infinite-impedance current generator at the input, the first element g3 has to be
in parallel. With the normalized corner frequency w/, = 1, the normalized load
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resistance go = 1 and Rqgp, the Chebyshev passband ripple, the element values
are

Rgp
—In ( coth 4.65
f=In (CO 17.37) (4.65)
. B
— sinh | = 4.66
v = sin <2n (4.66)
% — 1
A Gl k) B TP S (4.67)
2n
k k
dp= (2 +sin2 5 ) cos? 2 k=1,2,..,n—1 (4.68)
2n 2n
and
g1 = a (4.69)
vy
QpQr—1
e A ) 470
Ik di—19K-1 (+70)

The following equations are used to transform the normalized element values to
given impedance levels and frequency scales.

For the normalized corner frequency w/, = 1 and the normalized load resis-
tance go = 1, the reference resistance Ry is given as a function of the differential
load resistance Ry, by

Ry=—R; =-Rj,. (4.71)

] R, ~2g,

LS~g2

Figure 4.13.: Output filter in low-pass configuration
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The parallel capacitors Cp; and Cpy with Cpy, = Cpa + Cpg and the series
inductors Lg are calculated as follows:

1

1
Cpi==-——qg1, 4.72
P1 2 weRo g1 ( )

1 1

Chy = =———g3, 4.73
P2~ 5 w.Ro g3 ( )

R
Lg=-"2gs. (4.74)

We

Forn = 3and Rgg = 0.1dB and at f. = §¢ = 1GHz and R;, = 509, the
lumped element values are

g1 = 0.5158 Cp1 = 1.64pF (4.75)
g2 = 1.0864 Lg = 4.32nH (4.76)
g3 = 1.0895 Chy = 34TDF. (4.77)

The impedance of the loaded low-pass filter in Fig. 4.13 is given with C, =
Cp2 + Cps by

1
ZL (w) = -
JwCpy + 2ijs+1+1
eePt R (4.78)
_ RiL—i—j(w5-d+w3'e+w-f)
w6-a+w4-b+w2-c+R%
L
with
a = 4L%C%,C%, (4.79)
1
b = 4L§C§2ﬁ —4LgCp1Chy (Cp1 + Chy) (4.80)
L
1 2
c = —4LSC’}32R—% + (Cp1 + Cpy) (4.81)
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Figure 4.14.: Lumped element values Cp1, Cp2 and L p as a function of corner frequency f. = %2

for a third order Chebyshev low-pass filter with Rqg = 0.1 dB (left) and real part of the input
impedance Z;, and attenuation Aqg of that filter with f. = 1 GHz as a function of frequency

(right)

d = —8L%C%,Chy (4.82)
1
e = —4L§C}32ﬁ + 4LsCp1Cpy + 2LsC%, (4.83)
L
1
o= QLSﬁ — Cpy — Cls. (4.84)
L

The attenuation Agp at the load Ry, as a function of Z, (w) is then

Ry

= 10log;q Re{Z, @)} | (4.85)

Agp (w)

In Fig. 4.14 (left) the lumped element values of a third order Chebyshev low-pass
filter with Rqp = 0.1 dB are shown as a function of corner frequency f. = §= .
Fig. 4.14 (right) depicts the input impedance and the attenuation of that filter
with f. = 1 GHz and Ry, = 50 as a function of frequency.

The total harmonic distortion THD of a CMCD PA with this filter can be
calculated with equation 4.48

R 2
Pyt (n) = (idiﬁ (n)) ‘Re {Z1 ()} (4.86)

N | —
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and, therefore,

Pput (n) ~ % ‘Re {Z ()} (4.87)

and w = nwj as a function of the switching frequency by

THD (w,) — 220:3,5,7,... Pout () _ Zzo:s,w,‘.. 7712 ‘Re{Zp, (nws)}

Py (1) Re{Zr (ws)}
(4.88)
The efficiency factor npo is
Pyt (1) Re{Zr (ws)}
ws) = = == . 4.89
) TS vaan i RelZi G} [ )

Fig. 4.15 (left) depicts the total harmonic distortion and efficiency of the low-pass
from Fig. 4.14 with (f. = 1 GHz) as a function of switching frequency fs = 5.
Additionally, the efliciency has been scaled with the attenuation Agp of the filter
to depict the usable bandwidth:

1 (ws) = Npo (ws) - 1070 Aan (), (4.90)

For a maximum THD of -15 dB and a minimum efhiciency of 90%, the percent
bandwidth of this low-pass filter is By, = 71%. In the middle of the band at
870 MHz the THD comes to -30 dB. A comparative band-pass filter (LC resonator,
Fig. 4.15, right) only has a usable bandwidth of By, = 30%.

To further increase the bandwidth for a given maximum THD, higher filter
orders have to be implemented. In practice the THD is usually lower due to
additional filtering effects and a non-ideal rectangular drain current waveform.

The inherent passband ripple of the Chebyshev low-pass adds some attenuation
in the passband. However, for Rqp = 0.1 dB, the attenuation A4p only decreases
the efficiency by maximum 2.5 percentage points.

The capacitor values calculated for low-pass filters in the GHz range are all
in the field of picofarads, especially towards high-resistance loads of >50 Q.
However, high loads are desirable to minimize transistor losses as shown in
Section 3.2.2. Therefore, the filter has to be implemented in a way that allows to
avoid any inductive parasitic influence at the capacitors. Section 4.5.3 presents a
design technique, for implementing low-parasitic differential low-pass filters on
printed circuit boards (PCBs).
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Figure 4.15.: Total harmonic distortion THD and efficiency npo as a function of switching
frequency fs = %= for the low-pass filter from Fig. 4.14 with f. = 1 GHz (left) and for a band-
pass filter (LC resonator) with f. = 870 MHz and Qp = 1 (right). The bandwidths By, of the
filters are depicted for a maximum THD of -15dB and a minimum efficiency of 90%. The term
“npo & Aap” means that the efficiency is weighted according to equation 4.90.

Higher Order Low-pass Filters

So far only filters with orders of n = 2 and n = 3 have been shown. Due to the
necessity of a parallel (capacitive) element at the signal source (see Section 4.5.2),
only low-pass filters with odd filter orders are permitted. A filter with an order of
n = 5 would offer a 12 dB per octave and therefore 24 dB improved suppression
of the third harmonic compared to a third order filter. However, two more
reactive elements have to be added to raise the order to five and subsequently
the passband loss due to parasitic resistances will increase. Fig. 4.1 has shown
earlier that the total efficiency of the amplifier largely depends on the losses in
the output network and therefore the output filter. Hence, the selection of filter
order is a trade-off between harmonic suppression, i.e., distortion, and efficiency.

In Fig. 4.16 two filters with n = 3 and n = 5 are simulated and compared
using ideal lumped elements and real models of high-quality surface mounted
device (SMD) components provided by the Modelithics “CLR library” [44].

Aside from a slight frequency shift, the 5th order filter exhibits a 0.2 dB (~ 5%)
higher loss at the shifted corner frequency f. = 900 MHz compared to the 3rd
order low-pass.

It has to be noted that the increase of efficiency due to improved harmonic
matching (npo in equation 4.59 and 4.64) will not outweigh the additional
passband losses.
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Figure 4.16.: Attenuation Aqp of two 3rd and 5th order low-pass filters with ideal and real
elements compared on the frequency axis

4.5.3 Output Filter Implementation
PCB Implementation of Output Filters

The switched current sources at the current mode class-D amplifier generate
a differential signal which has to be conveyed by a differential transmission
line. Fig. 4.17 shows the two most popular implementations of differential
transmission lines on a planar PCB. The PCB substrate itself is characterized
by constant thickness h and relative permittivity or dielectric constant €,. The
transmission line is either formed by two conductive strips on one side of the
substrate with the width w, the slot distance s and conductor thickness ¢, or
formed by two conductive traces on either sides of the substrate characterized by
the width w and conductor thickness . The reference or ground terminal, which
completes the differential three-line system, is assumed to be at infinite distance.
Therefore, the common mode impedance Z..11 is assumed to be infinitely high
and only a differential mode impedance Z4411 is defined. This work does not
focus on transmission line theory. To calculate the impedance of the proposed
transmission lines, the reader is kindly referred to common literature (e.g., [45])
and software applications (e.g., Keysight ADS linecalc tool).

Fig. 4.18 depicts filter implementations with lumped SMD components using
the example of an LC resonator and a 3rd order differential low-pass filter. On the
top, the paralleled differential conductors are shown with the SMD components
mounted horizontally on the surface. On the bottom, an alternative technique
is shown using the stacked differential pair. The SMD components are vertically
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Paralleled differential pair

Figure 4.17.: Planar implementation of differential transmission lines: side by side paralleled or
stacked pair of conductors

mounted by embedding them into the substrate. This can be done, for instance,
by drilling a small hole in the PCB and mechanically fixing the components by
soldering them. This way a low-parasitic connection between the conductors and
the lumped elements can be implemented. Especially the capacitors will exhibit
a low parasitic inductance, which would detune the filter and significantly lower
efficiency (see Section 3.2.2 on how drain inductance influences efficiency).
Fig. 4.19 shows a cross section of the PCB with the vertically mounted and
soldered SMD elements. To prevent the components from falling through the
hole in the PCB in a standard, horizontal manufacturing process, in Fig. 4.20 a
modification of the SMD capacitor cap is proposed. A collar added to the cap

will secure the component in the vertical mounting position before soldering.

Selection of Transmission Line Layout and Technological Limits

Two transmission line implementations have been offered in this section. The
selection in the design process is dependent on the substrate material and structure.
In this section the selection is carried out using the example of a standard RF
substrate, a two-layer Rogers RO4003C laminate with a height &~ = 0.508 mm
(0.02”) and relative permittivity €, = 3.55. The height tolerance of this substrate
is Ah = £0.038 mm (0.0015”) [46] and the conductor thickness is assumed to
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Figure 4.18.: Planar implementation of differential filters with lumped SMD components: surface-
mounted on paralleled differential pair (top) and through-hole mounted on stacked differential
pair (bottom)
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Figure 4.19.: Cross section of PCB with the through hole mounted SMD components

be t = 35 pm. The following impedance calculations are conducted with EM
simulations using Keysight’s ADS Momentum.

A differential 50 © transmission line using the paralleled differential pair results
in a conductor width of w = 1.5 mm and a slot width of s = 13 pm. The major
part of the electrical field component is located outside of the substrate, therefore
the substrate thickness  only has little influence on the line impedance. On the
other hand, the slot width is smaller than the conductor thickness s < ¢ (!) and,
therefore, the design is very sensitive to manufacturing tolerances and might not
be manufacturable at all.

A stacked (broad side coupled) differential pair 50 §2 transmission line results
in a conductor width of w = 1.5mm. The major part of the electrical field
component is located in the substrate. There is a big influence of the substrate
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Figure 4.20.: Suggested modification of SMD capacitor cap with collar for fixation in vertical
mounting position

thickness h and little influence of the conductor thickness t. The substrate
thickness tolerance At results in an impedance deviation of £10% at 1 GHz. In
the selection of a suitable substrate, the frequency-dependent dielectric loss (loss
tangent tan 0) of the material has to be considered.

To sum up, on a standard RF substrate, the easiest way to implement a 50 2
transmission line is by using a broadside coupled differential pair.
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5 Optimized Output Balun

This chapter gives an overview of the common balun implementations suitable
for differential PAs and presents optimized tapered baluns for wideband switched
mode power amplifiers. Finally, a presentation of several CMCD demonstrator PAs
consolidates the findings of this and earlier chapters.

The main contributions of this chapter are the analysis of baluns for switched mode
PAs, the extension of a coupled line balun model with a phase shifting coefficient
ec, the implementation and evaluation of tapered baluns and the presentation of a
wideband and a high-power CMCD PA.

5.1 Types of Baluns

The current mode class-D power amplifier has a differential output and a balun
is required to attach a single-ended load, e.g., an antenna. The balun is a part of
the output network, which has been described in terms of harmonic impedances
in Table 4.1 in Section 4.3. Therefore, the following requirements apply for the
balun as part of a CMCD PA; the term passband depicts the tuning range of the
differential to single-ended mode transformer. The balun must have

® a minimum passband bandwidth as defined by the tuning range f11 to fu1
of the differential PA (see Section 2.2),

* 2 high common mode impedance for the tuning range of the PA,

* 2 high common mode impedance for even harmonic frequencies of the PA
(frn to fun withn € {2, 4,6, }),

* alow insertion loss in the passband.

Meeting these requirements is quite challenging, because a real balun is an inher-
ently asymmetric device and parasitic reactances usually gain influence towards
higher frequencies.

In common literature, different balun implementations are often arranged ac-
cording to technological aspects (e.g., lumped element vs. planar baluns, see [20]
and [47]). In this work the baluns are categorized by their functional principle.
On the one hand, there are delay line baluns, which implement the differential to
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single-ended mode conversion by phase shifting the signals. On the other hand,
there are coupled line baluns, which achieve mode conversion by geometrically,
thus electrically, separating the differential and common mode systems with a
coupled line segment, eventually lifting the common mode impedance at the
differential line end.

5.1.1 Delay Line Baluns

In delay line baluns the mode conversion is achieved by a 180° phase shift of
one of the differential branches. The two (now) in-phase branches are then
combined to the single-ended output. Fig. 5.1 shows a popular delay line balun
implementation. A differential mode at port 1 is converted to a single-ended
mode at port 2 by the 180° phase shifter. The 90° transmission lines are used
to provide an open condition in common mode, which is needed in CMCD
operation (see Table 4.1). They invert the common mode short circuit, which is
caused by the 180° phase shifter. The delay lines can be implemented with, for
example, planar (microstrip) lines, coaxial transmission lines or lumped elements
[48].

Fig. 5.2 depicts the normalized differential and the common mode impedance
of a delay line balun for the nth harmonic. The balun is implemented with
ideal transmission lines. The fundamental is matched (Zg411 (1) = R} and
Zee11 (1) = 00). However, the delay line balun exhibits an inverting behavior
for even-n harmonics. The common mode is not matched for proper CMCD
operation (Z11 (evenn) - 00) and the bandwidth is quite small. Hence, this
delay line balun is not suitable at the output of a CMCD power amplifier.

This limitation extends to all delay line baluns implemented with common
(right-handed) transmission line elements. However, wideband implementations
might be possible using a left-handed metamaterial (see [49, 50]), but are still
restricted by the finite losses of the lumped elements in metamaterial phase
shifters.

oo g .
differential )™} single-ended
input output
—C
Ry 2
g [] 180° R;
ZL

90°

Zda']l Z(:(:]] )—D—

1

Figure 5.1.: Delay line balun configuration
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Figure 5.2.: nth harmonic differential (Zgq11) and common mode (Zcc11) impedance of an ideal
delay line balun scaled to R},

5.1.2 Coupled Line Baluns
Introduction and Modeling

In coupled line baluns the mode conversion is implemented by one or more
coupled line segments as shown in Fig. 5.3 (left). However, this model depicts
the balun in a very limited and idealized way by a transmission line with the line
impedance Zg, the electrical length e and no ground coupling. In Fig. 5.3 (right)
the coupled line model is extended according to [20] by adding the ground
coupling of both transmission line elements with the common mode impedances
Ze1 and Z 9. Additionally, in this work a phase shifting coefficient e, is added
to the ground coupled elements to account for the different phase velocity (or
effective permittivity) due to the material composition in the ground coupling
path.

A popular implementation of a coupled line balun is the coaxial balun. A
beneficial property of using a coaxial line as a transmission element for a balun
is the shielded “inner” conductor, consequently increasing Z.;. However, the
“outer” conductor of the coax balun still has to be placed at optimum distance
from the common ground to increase Z.o as shown in [51]. This can result
in a bulky construction. Nevertheless, coaxial baluns have been successfully
implemented with high-efficiency CMCD PAs [9].

Planar implementations of double octave baluns in microstrip technology
(with an infinite ground plane) are shown in [20], however they suffer from

75



5. Optimized Output Balun

T_7

cl

differential single-ended
input 1 e 2 output 1 | 2
r> E l::> r> Zd e E
Zy 1 Z, B Z, 1 R
Zian Zeen Zam Zeent Z, e-e,

Figure 5.3.: Ideal coupled line balun (left) and coupled line balun with parasitic ground coupling
(right)

optimization of the “inner” common mode impedance Z.;. This results in gap
widths between traces on the 10 pm scale and losses of >0.9 dB.

By discarding the infinite ground plane, a planar implementation of a coaxial
balun can be designed in stripline technology (see Fig. 5.4 derived from Fig. 4.17)
using a “purely” differential transmission line. A broadside coupled differential
line is preferred to a paralleled pair of conductors due to common manufacturing
constraints (e.g., tolerances), as shown in Section 4.5.3. Fig. 5.5 depicts a cross
section of the balun. The common mode impedances Z,1 and Z3 are both defined
by the capacitive coupling (i.e., mechanical distance and dielectric properties) of
the differential line to the global ground system, which is usually composed of
the microstrip ground plane on a PCB and the (metallic) mounting plate of the
PCB. Analytically this coupling is described by the coupling capacitances Cy
and C¢2 in Fig. 5.5 for the common mode. The differential coupling is modeled
with the capacitance Cj.

differential single-ended
input output
e
) electrical length e ve
1). 24 7Z 2 —.L
. \ } ~ / CIC
V/ACZL,‘ >
T

Figure 5.4.: Planar balun implemented with a differential transmission line with the line
impedances from the equivalent circuit in Fig. 5.3 (right)
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Figure 5.5.: Cross section of the planar balun in Fig. 5.4; the capacitors represent the differential
and common mode line impedances.

Limits of Coupled Line Baluns

To get an insight into the properties and limits of coupled line baluns, the
equivalent circuit from Fig. 5.3 (right) has to be evaluated. Analytically this
can be done by using transmission line theory to compile the linear differential
equations of the circuit and ultimately calculate the length-dependent impedance
Z1, (e). In this work the calculation is simplified by using a numerical simulator
(Keysight ADS). For an analytical description of (coupled) transmission lines the
reader is kindly referred to common literature (e.g., [45]).

Fig. 5.6 shows the differential and common mode input impedance of the
equivalent circuit in Fig. 5.3 (right) as a function of electrical length e with
the differential mode line impedance set to Z; = R). The common mode line
impedances are combined to Z. = Z.1 = Z.» and different values are depicted.
The input impedances are scaled to Z;. Upon looking at the figure, one can
see two resonance points. For the differential mode input impedance (Z;411)
a pole occurs at e = 90° (and odd multiples of 90°), for the common mode
(Zcc11) a zero point occurs at e = 0° and e = 180° (and even multiples of 180°).
As expected from theory (shown in Section 4.2), low values of Z. detune the
differential mode and reduce the common mode input impedance Z.1.

In Fig. 5.7 the balun circuit is evaluated for individual common mode line
impedances Z.1 and Z3 scaled to Zg. Z1 /9 = 5 - Zg is used as a default. While
Z4411 appears to be more sensitive to any changes of Z.; compared to Zca, Zcc11
is more sensitive to lowering Z.; compared to Z.

At this point the balun model is evaluated for different shifting coeflicients
ec. Fig. 5.8 shows Z411 and Zgeq1 for e = 1, e. = 2/3 (shorter common mode
path) and e, = 3/2 (longer common mode path).
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Figure 5.6.: Differential (Z4411) and common mode (Zcc11) input impedance of the real coupled
line balun depicted in Fig. 5.3 as a function of electrical length e with Z. = Z.; = Z.» and
Z4 = R},. The input impedances are scaled to Z4 and the phase shifting coeficient e is set to 1.
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Figure 5.7.: Differential (Zgq11) and common mode (Zcc11) input impedance of the real coupled
line balun as a function of electrical length e for different values of either Zc1 or Zea. Zeyjo = Za

is used as a default, the input impedances are scaled to Z4 with Z; = R}, and the phase shifting
coeflicient e, is set to 1.

The common mode line impedance is set to Z, = Z¢1 = Zea = 5 - Zg. As for
the common mode, the resonances of Z.11 are shifted by a factor of 1/e. on
the e-axis. As for the differential mode, an additional resonance of Z;,41; shows
up. Two resonances appear equally spaced and shifted by a factor of 1/e.. on the

e-axis.
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Figure 5.8.: Differential (Z4411) and common mode (Zcc11) input impedance of the real coupled
line balun as a function of electrical length e for different values of the phase shifting coefficient e..
The input impedances are scaled to Zq with Z4 = R}, and Z; issetto Ze = Ze1 = Zea =5 - Zg.
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Figure 5.9.: Differential (Zgq11) and common mode (Zcc11) input impedance of the real coupled
line balun as a function of electrical length e for different values of differential line impedance Zg.
The input impedances are scaled to R}, and Z. is set to Ze = Ze1 = Zea = 5+ Za.

Finally, the balun model is evaluated for different differential line impedances Z,.
Fig. 5.9 depicts Zj411 and Zc11 for e, = 1. The common mode line impedance
issetto Z. = Ze1 = Zeg =5 - Zy. Scaling up Z; reduces the dependency of the
differential impedance (Z4411) on the balun length. In other words, the balun is
matched for a broader range of electrical lengths, which directly translates into
a broader bandwidth of the balun. Meanwhile the common mode impedance
(Z¢e11) remains untouched.
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Evaluation of the Balun Model

To verify the accuracy of the proposed balun model, a real planar coupled line
balun is simulated using an electro-magnetic (EM) simulator (Keysight ADS
Momentum). The balun is based on the cross section given in Fig. 5.5. The
dimensions are w; = w2 = 1.5 mm and w3 = 5 mm. The depth of the cavity wy
is neglected to simplify the calculation (wy — 00), however, it will be taken into
consideration again later in Section 5.2.2. The used RF substrate is a two-layer
Rogers RO4003C laminate with a height A = 0.508 mm (0.02”) and relative
permittivity €, = 3.55. The balun is designed using the Keysight application
extension language (AEL) and the code is depicted in Appendix A.1.

The results are given in Fig. 5.10 as a function of electrical length e of the
differential transmission line of the balun and are scaled to R} = 50Q. All EM
simulations are executed at f = 1 GHz. The selected circuit model parameters
are Zg = 1.13-50Q, Z.1 =290, Z.o = 380 and e. = 2/3. For these values
the circuit model shows a very good alignment with the EM simulation.

The reduced electrical length of the grounded transmission lines (e, = 2/3)
can be physically explained by the change of the effective permittivity €. of the
differential transmission line. The common mode path has a different material
composition (substrate and air). Therefore, the phase shifting coeflicient e, can
be interpreted with the velocity factor VF as

2.0 | I T TT T
: 10 H{ — EM simulation
15 Single coupled — - Circuit model
- -2 H N o 8 -
= line balun : 25
~ ~
—~ —~
10 367
—— : —— .
rbé) _’ €mazx %0 4+ /
: DY
= 0.5 - : ; / 1 = 1y
— EM simulation \ 2L »
. . 7 “4— Epin
— - Circuit model S
0.0 Il 1 ] | O L = 1 | | | | I
0 30 60 90 120 150 180 0 30 60 90 120 150 180 210 240
Balun electrical length e (°) Balun electrical length e (°)

Figure 5.10.: Comparison of an EM simulated and circuit modeled coupled line balun from
Fig. 5.3 and Fig. 5.5 with w1 = w2 = 1.5 mm and w3 = 5 mm. The circuit model proves to be
very well aligned for Zg = 1.13 - 5092, Zo1 = 290K, Zc2 = 380Q and e. = 2/3.
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1
e. > VF = (5.1)

iy Y
NG
with e, = 1 being the phase shifting in a homogeneous medium. The resonances
appear from the abrupt balun-to-microstrip line transition.

Coupled Line Baluns for CMCD PAs

The maximum bandwidth of a differential class-D PA with a third harmonic
impedance match is calculated in equation 2.5 by

frs— % fis
frs+3f3

and defines the minimum range of balun matching for the fundamental frequency
in differential mode (Z;411) according to the ideal harmonic matching conditions
in Table 4.1. The matching range for the common mode (Z..11) extends from
the fundamental to even order multiples of that frequency, i.e., an infinitely
high frequency range. However, matching of the fundamental and the second
harmonic can be assumed to be sufficient for reaching a relatively good efficiency
according to Fig. 4.6. The necessary percent bandwidth of the common mode
(Zcc11) is then calculated with fi72 as the upper and fr; as the lower limit by

2f13 — 3/13

2fL3 + 3 /13
A useful operating range of the balun is limited at the lower edge by the electrical
length e;,,;, or the lower edge frequency fy.in and at the upper edge by the

electrical length €4, or the upper edge frequency fyqz. The percent bandwidth
By, can be calculated from ey, and €y,4, by

Bo, classp = 2 - = 100% (5.2)

Bo.com = 2 ~ 143%. (5.3)

By, =2- M, (5.4)
fmam +fmm

with fmax ~ €max and fmzn ~ €min tO

B¢7:2-M. (5.5)

0
€maz T €min

For the balun in Fig. 5.10 the phase range for the differential mode extends from
€min = 0° t0 €maz =~ 75°. The percent bandwidth is then By, = 200% and the
differential mode is therefore always matched. However, when considering a
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5. Optimized Output Balun

minimum common mode matching of Z..11/Z4 = 2 to achieve a good efficiency
of > 90% (see Fig. 4.6), the minimum electrical length of the balun rises to
emin ~ 45°. The differential mode percent bandwidth for this balun is then
reduced to By, ~ 50%. This would not suffice to cover the 100% bandwidth of
an ideal CMCD PA (as shown in Section 2.2). The same applies to the common
mode with e, & 45° and €4, &~ 220° and therefore By, &~ 132%. In order
to improve the bandwidth of the balun, either the common mode impedances
Z¢1 and Z.9 have to be optimized, or the differential mode resonances have to be
shifted or mitigated.

5.2 Tapered Coupled Line Baluns

5.2.1 Introduction and Modeling of Tapered Baluns

The simple coupled line balun shown in Section 5.1.2 is limited in bandwidth
by parasitic resonances. These resonances physically appear from the abrupt
balun-to-microstrip line transition. In fact, a microstrip line can be described
by Fig. 5.5 with w3 — 0. Hence, the line capacitances shift to Ccy — 00 and
Ce1 — 0 with Cy — 1/wR);. In the circuit model in Fig. 5.3 this translates
with Z; — R/, to Z.1 — oo and Z = 0, ultimately leading to reflections and
resonances.

A common way to suppress effects caused by this abrupt transition is to
smoothen the transition by tapering it [52-54]. To describe such a tapered balun,
the equivalent circuit of Fig. 5.3 is extended to k sections in Fig. 5.11. Each
section is individually characterized by a differential line impedance Z ;, two
common mode line impedances Z; j, and Z. , and a phase shifting coefficient
€ck- A continuous transition is realized with £ — oo sections.

Fig. 5.12 shows a planar two-stage tapered balun, the simplest implementation
of a tapered structure. The line impedances from the equivalent circuit in Fig. 5.11

T T T T [ [

ee, lk Zd,z,_ e-e.,lk L Zas ee.lk
— 2
r elk z“g ek 2, X ek
Zy — By
Zian Zeenn ee, lk Zc2,2: e-e.,lk o Zok ee. 1k

1 1 L

Figure 5.11.: Equivalent circuit of a tapered coupled line balun
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Figure 5.12.: Planar two-stage tapered balun implemented with differential transmission lines
with the line impedances from the equivalent circuit in Fig. 5.11

w
Substrate
\/ Cdl\’ =0
T 02,1 121"
'J_ 1 ; 1 1
T w,, w T wy,
3.1 20 |, 3.1
’UJ
cox” L \/
e g Cdk z=ce/k
| I 2.k cZk |
i (L =
Ws g Wy ke w, Ws g

Figure 5.13.: Cross section of the planar tapered balun in 5.12; the capacitors represent the
differential and common mode line impedances.

are depicted. The cross section of the planar taper in Fig. 5.13 shows the capacitors
which represent the line impedances and reveals the influences from tapering
the balun. A decrease of the top conductor width wy will also decrease C¢q, 1.e.,
increase the line impedance Z;. An increase of the bottom conductor width wy
in combination with a decrease of width w3 will increase C.g, i.e., decrease the
line impedance Z.5. Additionally less electrical field is submerged to open space
and the effective permittivity therefore rises, i.e., the phase shifting constant e,
increases towards unity.
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5. Optimized Output Balun

The proposed planar two-stage balun is implemented and simulated using an
electro-magnetic (EM) simulator (Keysight ADS Momentum). The dimensions
are wi) = wy; = 1.5mm and w3; = 5mm for the first section (k = 1)
and w12 = 1.2mm, we 92 = 3mm and w32 = 4.25 mm for the second section
(k = 2). The depth of the cavity wy is again neglected to simplify the calculation
(wyg — 00). Just like in Section 5.1.2, the RF substrate used is a two-layer Rogers
RO4003C laminate. The AEL code is depicted in Appendix A.1.

Fig. 5.14 shows the results, which are given as a function of electrical length
e of the differential transmission line and are scaled to R}, = 50Q. All EM
simulations are executed at f = 1 GHz. The selected circuit model parameters
(see Fig. 5.11) for the first section are identical to those in the single line balun
(Zg1=113-50Q, Zc11 =290Q, Zeo1 =380 and e.; = 2/3, see Fig. 5.10).
For the second section the parameters are Z;9 = 1.07 - 502, Z¢1 2 = Ze1 1 - 2,
Zepo = Zep,1/2 and e. 2 = 0.58. For these values the circuit model shows a good
alignment with the EM simulation up to the first resonance of the differential
mode and the whole common mode (Fig. 5.14). As expected from the capacitor
model in Fig. 5.13, the common mode line impedance Z,; » increases and Z2 2
decreases.

The single line balun depicted earlier in Section 5.1.2 is printed for reference
in Fig. 5.14. In comparison with the single line balun, the two-stage taper shows
a reduction and a shift of the differential mode resonances towards higher balun
length e. Additionally, the common mode impedance Z,.1; is shifted towards
higher e, but less than the differential mode resonances.

For a minimum common mode matching of Z..11/Z4 = 2, in order to achieve
a good efficiency of > 90% (see Fig. 4.6), the phase range in differential mode
extends from e, &~ 50° to €max ~ 100°. The differential mode percent
bandwidth for this balun is then By, ~ 67%. This is still not sufficient to
cover the 100% bandwidth of an ideal CMCD PA, however, it is better than the
By, ~ 50% of the single line balun. Yet this example unveils the advantages of
even the simplest tapered balun implementation.

To sum up, the use of an equivalent circuit for modeling the (tapered) baluns
(see Fig. 5.11) reveals the physical origin of the resonances in differential and
common mode excitation. Stacked transmission line elements with individual
common and differential mode line impedances and electrical lengths are used to
describe the balun. This model scales quite well for different electrical lengths
(i.e., different frequencies). However, it does not account for higher modes
of propagation, which could, for instance, appear on the broadside coupled
stripline of the planar balun, or electromagnetic radiation in electrically long
baluns. Nevertheless, common balun implementations for switched mode power
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Figure 5.14.: Comparison of an EM simulated and circuit modeled two-stage tapered balun
from Fig. 5.12 and Fig. 5.13 with w11 = we,1 = 1.5mm and w31 = 5mm (first section)
and w12 = 1.2mm, wz> = 3mm and w32 = 4.25 mm (second section). The circuit model
proves to be well aligned for Zg1 = 1.13 - 509, Zc1 = 29092, Zeo = 38092, ec,1 = 2/3 and
Zao =1.07-50Q, Zer2 = Ze1,1 2, Zea,2 = Ze2,1/2 and eq2 = 0.58. The single line balun
depicted earlier is printed for reference.

amplifier applications can be described by the model in terms of impedance
matching and bandwidth properties as a first approximation (e.g., in a circuit
simulator). After implementing the power amplifier with the balun model, the
actual balun design can then be verified and optimized using an EM simulator.

5.2.2 Implementation of Tapered Baluns

There are several ways to implement tapers and tapered baluns and a few of them
have been discussed in literature before [52-55], including optimized solutions
[56]. In this work two taper transitions, a linear taper and an exponential taper,
are examined.

Calculation of Tapered Transitions

In an exponential taper of the length [, the line impedance Z (x) changes in an
exponential fashion from Zj at = 0 to Z; at = [. This can be written as
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5. Optimized Output Balun

Z(x)=Zy-e*™ 0<z<lI (5.6)

a= %ln <Z> . (5.7)

As for the linear taper, the line impedance Z (z) at the position x on the taper is

Z— 7,
Z (z) = Zo(“; ZZOO+1). 0<z <l

(5.8)

Fig. 5.15 (left) visualizes the two taper transitions.
The reflection coeficient I" (3) of a tapered line as a function of phase constant
(3 is approximated in [55] to

!
_ 1 —2jBx d Z(LE)
reg = 2/ g In Z dz (5.9)
0
with
2rf./€
5= 27” _ 2l Ve (5.10)
co
Now I' () can be calculated for the exponential taper to
1 d Z/Z l
—_ —2jBx axr _ /40 —2jBx
r'p) 2/6 e (Ine*)dx = / dz
0 0
_ In(Z4/Z0) 1 (281 _ 6—2]',30}
20 256 L
~ Wn(Z/Z0) 1 [ _gm
- 2 —23 ° 1}
_ Wm(Z/Z0) 1 [ s (g _ Bl
= 5 555 | e (2] sin (Bl) — e ) 1}
~In (Z1/Zy) il sin (B1)
= e (5.11)

and for the linear taper to
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0
!
_ 1/ ~2j6a A= %0y
2 2 Zi= Z0-|-1 l Z(]
l
— /—2]538 1 dr
—Z0) +1- Zy
0
=
e 2B E1 236( )) :
=0
Z— Z
= e —2j8 20 1)) — i (—2jp (2 =20
l-Zy
(5.12)
with Ei () the exponential integral, which is defined by
T ot
Ei(2) = — —dt (5.13)

—z

Fig. 5.15 (right) shows the reflection coeflicients I" (3) of both tapers (normed
to 2/1n(Z;/Zy)) as a function of length per wavelength 3 - [ (i.e., frequency) for
Zy =509 and Z; = 100 Q. One can see that both tapers show a lower cutoff
frequency. A first minimum of I' (3) is reached at -1 = 7 or | = 3. For higher
S -1, peaks of decreasing reflection I" appear. The exponential taper shows a
slightly improved behavior in comparison with the linear taper. Optimized taper
transitions with equal ripple of I" exist [56], but have higher cutoff frequencies
(55].
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Figure 5.15.: Visualization of the two taper transitions (left) and reflection coefficients as a
function of frequency 3 - | for Zo = 50 and Z; = 100 Q.

EM Simulation of Tapered Baluns

An electro-magnetic (EM) simulator (Keysight ADS Momentum) is used to
calculate the continuous transitions of tapered baluns. Fig. 5.16 shows the three
implemented and simulated balun designs with their dimensions. The balun
length is composed of the length of the taper [ and the offset line d. The width
wq defines the differential input line and the width wy the microstrip output line.
The maximum width of the taper is w,. The dimension s defines a slot at the
differential input. Ideally this slot is infinitely large. However, in a real push-pull
class-D amplifier design with single-ended transistors, the slot is determined
by the size of the transistor package and, more precisely, the distance of the
output-pin (e.g., drain) to the ground-pin (e.g., source).

In the linear taper in Fig. 5.16, the top conductor strip varies from wg to w;
in a linear fashion as well as the bottom conductor strip from wy to wy:

w(:c):wd(al:-wbu_]dwd+l>. 0<z<l

(5.14)

The AEL code of the balun is depicted in Appendix A.1.
The exponential taper in Fig. 5.16 has an exponentially tapered bottom con-
ductor with the width
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Figure 5.16.: Two different implementations of a tapered balun - a linear taper and an exponential
taper. A single line balun is displayed for reference.

w(x) =wg - e 0<z<lI
(5.15)
a:1m<w?. (5.16)
{ Wy

The top conductor is shaped exponentially in the same way as depicted in the
AEL code in Appendix A.1. In addition to the two tapered implementations, a
single line balun with a fixed width of wy is simulated for reference. The AEL
code can be found in the Appendix as well.

The RF substrate used in the simulations is once again a two-layer Rogers
RO4003C laminate with a height A = 0.508 mm (0.02”) and relative permittivity
€ = 3.55.
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Fig. 5.17 shows the EM simulation results of the tapered baluns in comparison.
The dimensions of the different baluns are wy = 1.25mm, w, = 1.15mm,
wp = 45mm, d = O0mm and s = 1mm, resulting in a Z;; ~ 504 for the
differential side and a Z; j, = 50 € for the single-ended microstrip side. The input
impedances Zj411 and Z.c11 are depicted as a function of electrical length e in
Fig. 5.17 and are normalized (scaled to R} = 50(2). The depth of the cavity w4
is neglected (w4 — oo, compare Fig. 5.5). All EM simulations are executed at
f =1GHz.

The 90-degree resonance shown earlier in Section 5.1.2 is observed for the
line balun. The tapers entirely suppress this resonance (strictly speaking they
move it towards very high electrical lengths) with the exponential taper having a
slightly more flat differential mode input impedance Z;411. As for the common
mode impedance Z11, the line balun has the highest suppression for low lengths
e. The exponential taper is slightly worse, but still superior to the linear taper.
However, both tapers outperform the line balun in bandwidth due to the very
flat behavior in differential mode.

This simulation shows a similar behavior of the tapered and (single) line baluns
in comparison as depicted earlier in Fig. 5.14 in Section 5.2.1. The common
mode impedance Z,.11 of the tapers is shifted towards higher e. Yet it is shifted
less than the differential mode resonances (which are not visible for the tapers,
because they are shifted towards very high electrical lengths). This confirms the
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Line balun 10 \/ I/ i
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— - Linear taper /\\ Ly
& 16} —— : Exponential taper [ 15 8t N 7
~ ~ \ /
—~ ~ 6 - \
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w12k . P o al ‘
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5L — - Linear taper N
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| | | | | 1 | N | ] 1 ] 1 N
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Figure 5.17.: Differential (Z4411) and common mode (Zc¢11) input impedance of different tapered
balun implementations as shown in Fig. 5.16 in comparison. The dimensions are wq = 1.25 mm,
ws = 1.15mm, wp, = 45 mm, d = 0 mm, s = 1 mm and w4 — co. The impedances are plotted
as a function of electrical length e of the baluns and the input impedances are scaled to R7, = 50 2.
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Figure 5.18.: Input impedances of different tapered balun implementations as a function of
frequency f for a balun length [ = 30 mm. The implementations and dimensions are shown in
Fig. 5.16 and Fig. 5.17. The input impedances are scaled to R,

earlier findings of Section 5.2.1: the simplified two-stage taper exhibits the same
bandwidth enhancing properties as the continuously tapered baluns shown here.

For the exponential taper in Fig. 5.17 and a minimum common mode matching
of Z.c11/Z4 = 2, in order to achieve a good efficiency of >90% (see Fig. 4.6),
the phase range in differential mode extends from e,,;, ~ 22.5° t0 €505 ~ 180°.
The differential mode percent bandwidth for this balun is then By, ~ 156%,
enough to cover the 100% bandwidth of an ideal CMCD PA.

As for the common mode, the minimum length is €, ~ 22.5° and maximum
length is €4, ~ 270° for Z.c11/Zq = 2. This results in By, &~ 169% which is
larger than B, .o, ~ 143% to match at least the fundamental and the second
harmonic for the entire bandwidth (see Section 5.1.2).

Fig. 5.18 shows EM simulations for a fixed balun length | = 30 mm as a
function of frequency. The results are similar to those depicted earlier in the
more generalized approach in Fig. 5.17 and demonstrate similar bandwidths for
the common and the differential mode.

Finally, the exponentially tapered balun is examined for different slot widths s
in Fig. 5.19 and different balun widths wy, in Fig. 5.20. As mentioned earlier, the
slot width is defined by the pin distances of the transistor packages at the balun
input. The simulation shows that the slot width has only a minor influence on
the balun performance. The balun width, however, defines the common mode
line impedances (Z. ; and Zgo i, see Fig. 5.11), which for the tapered case do
not only influence the height of the common mode suppression Z..11, but also
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Figure 5.19.: Input impedances of an exponentially tapered and I = 30 mm long balun for different
slot widths s as a function of frequency. The input impedances are scaled to R..
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Figure 5.20.: Input impedances of an exponentially tapered and I = 30 mm long balun for different
balun widths ws as a function of frequency. The input impedances are scaled to R7..

the phase angle and therefore the position of the peak Z..11 on the frequency
scale. As a rule of thumb, exponentially tapered baluns for broadband matched
current mode class-D PAs should be designed in an approximately square shape.
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Figure 5.21.: Input impedances of an exponentially tapered balun for different balun cavity depths
wy as a function of frequency. The dimensions are wg = 1.25 mm, ws = 1.15 mm, wp, = 45 mm,
d = 0mm, s = 1mm and ! = 30mm. The input impedances are scaled to R}, = 50 and
calculated using the FEM simulator of Keysight ADS.

3D FEM Simulation of the Balun Cavity

So far the depth of the cavity wy under the PCB has been neglected (w4 — oo,
compare Fig. 5.4 and Fig. 5.5). To get a full picture of the balun in a volumetric
environment, the cavity has to be included in simulation. Unfortunately, the
Momentum Microwave EM simulator of Keysight ADS is limited to planar
problems. However, ADS has a Finite Element Method (FEM) EM simulator
option, which can solve volumetric problems at the cost of additional simulation
time.

Fig. 5.21 shows the input impedances of the balun for different balun cavity
depths wy. A finite depth slightly detunes the differential mode line impedance
(Fig. 5.21, left). This problem can be solved by readjusting the width wy of the
differential input. Additionally, the cavity impairs the common mode suppression
Zee11 and a common mode “dip” appears in Fig. 5.21 for low wy. Therefore,
the cavity depth has to be taken into account in a practical implementation.
In PA design, however, as long as a minimum common mode impedance (e.g.,
Zec11/Zq = 2, see Fig. 4.6) is maintained, a ripple of Z.1; is allowed and will
not impair the overall performance of a CMCD amplifier. For this particular
balun, a 5 mm deep pocket (e.g., in the heat sink) would be more than sufficient
to maintain Ze.11/Zgq > 2.
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5.2.3 Impedance Transformation with Tapered Baluns

So far it has been assumed that the differential input impedance Z4411 is equal to
the load impedance R, resulting in an almost constant differential line impedance:
Zq1 ~ Zg . However, in most amplifier designs, the optimum transistor output
impedance differs from the load impedance. A matched device impedance is
usually desired to achieve an optimum gain and output power. Wideband trans-
former networks are often implemented with planar tapered lines, therefore, the
use of the already available tapered balun comes in handy.
With the transformation ratio 1 : k (see Section 2.3.1) and

Zaga1 = Ry =k - R}, (5.17)

only transformation of real loads is considered; the reactive parasitics of the
transistors are absorbed by the output filter (see Section 4.5).

The transformation is implemented by changing the first element of the dif-
ferential line Zg; from Z;1 2 R} to Zg1 2 k- R}. A slight deviation from
the ideal Z;; (°2’ instead of *="sign) occurs from the finite common mode line
impedance (compare Fig. 5.9).

In Fig. 5.22 and Fig. 5.23, three different transformation ratios are considered
for an exponential taper from Fig. 5.16: The dimensions of the differential input
are wg = 1.25mm (k = 1), wg = 2.5mm (k = 3) and wg = 5mm (k = §).

One can see that tapers have a lower cutoff length (Fig. 5.22) or frequency
(Fig. 5.23), which complies with the calculation made in Section 5.2.2. In spite
of the fact that the common mode remains nearly untouched, the differential
mode bandwidth of this balun is considerably limited.

Assuming a minimum length €,,,;, ~ 90° and a maximum length €4, ~
180°, the bandwidth is reduced to By, ~ 66%. Additionally, due to the lower
cutoff length in differential mode, the transforming balun is longer than its
non-transforming counterpart.

A general design limitation of wideband power amplifiers holds true for push-
pull switched mode PAs. The active devices should be selected (or even designed)
to match the optimum load impedance as good as possible (see equation 2.18 for
the class-D case).
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Ry = 1 -Rjp,ie, k = % (see Fig. 2.6) and Za1 = Ry = § - Ry, i, k = ;. The non-
transforming (k = 1) taper is printed for reference. The dimensions are wqg = 2.5 mm (k = %),
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Figure 5.23.: Impedance transformation with two exponentially tapered baluns with Z;1 =
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a balun length ! = 30 mm. The non-transforming (k = 1) taper is printed for reference. The
implementations and dimensions are shown in Fig. 5.16 and Fig. 5.22. The input impedances are
scaled to R},.
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5.3 Class-D Demonstrator PA

This section consolidates the findings of earlier chapters to design prototypes
of current mode class-D amplifiers. On the basis of low-power, high-speed
GaAs transistors, which represent almost ideal RF switches, optimized output
networks and baluns are implemented, as depicted in Chapters 4 and 5. The
resulting current mode class-D PAs exhibit both large bandwidth and high power-
added efficiency PAE. Finally, a high-power PA is presented to demonstrate the
scalability of the design methods shown in this work.

The operating frequency of the presented PAs is f; = 869 MHz, which is part
of the 863 to 870 MHz band for short range devices (SRD860) and is released for
unlicensed use in Europe [57]. In order to demonstrate the wideband capabilities
of the CMCD concept, a prototype is designed to cover not only the SRD860
band at high efhiciency, but also the 700 MHz and 800 MHz television (TV)
whitespace, which has been recently assigned for fourth generation (4G) long
term evolution (LTE) mobile services [5, 6].

5.3.1 Dewvice Selection and Implementation

The transistor used for the demonstrator is a 100 mW GaAs E-pHEMT from
Avago/Broadcom the ATF-541M4. The “E” in E-pHEMT stands for enhancement
mode, which means the transistor is normally off and is biased with positive gate
voltages. According to the data sheet of the ATF-541M4 [33], the maximum drain-
source voltage is given with Vpg mae = 5V and the maximum drain current is
ID maz = 120mA. With equation 2.18 the optimum load impedance Ry, of a
CMCD PA using this transistor is

w2 Vbe _r ) VDS,maw

RL - . ==
4 IDC 2 ID,max

~ 6510 (5.18)

This is relatively close to 50 €2 and, therefore, allows for a broadband match to a
50 €2 load. According to equation 2.20 the expected peak output power calculates
to

w2 V2 1 V[2)5
Poup = — - 22 = - . =20~ 192mW. 5.19
out 2 RL ) RL m ( )
The transistor is shipped in a low parasitic package, which is important for
minimizing inductive losses in switched mode operation (see Section 3.2.2).
Finally Avago/Broadcom provides a nonlinear ADS model of the ATF-541M4

(see data sheet [33]), which enables large-signal simulations to be performed.

96



5.3. Class-D Demonstrator PA

The substrate used for the demonstrator PAs is a standard two-layer Rogers
RO4003C laminate with a height A = 0.508 mm and relative permittivity €, =
3.55 [46]. It is relatively inexpensive, but still offers stable properties, enabling a
repeatable design.

The selection of the radio frequency chokes is crucial for the design of the
DC supply network, which has to provide a high-impedance RF rejection and a
low-impedance DC supply of the switched transistors. The minimum value of the
radio frequency choke is defined by the lowest switching frequency. According
to equation 4.34 the minimum value Lrrc at f; = 690 MHz (lower edge of the
700 MHz TV whitespace [6]) and Ry, = 502 calculates to

Lirc > > LRy ~50nH. (5.20)
7 fs
Section 4.4.3 shows high-quality wire-wound inductors, which offer good funda-
mental and harmonic rejection. Conical inductors have a superior broadband
performance at a much higher cost [38]. This work uses the Coilcraft 1008HQ
series and the Coilcraft conical inductor BCL-531]L.

In Section 4.5 two output filter implementations, a band-pass (LC resonator)
and a low-pass filter, have been introduced for the odd harmonic termination
of the CMCD power amplifier. Consequently, two amplifiers are designed
implementing either type of output filter.

According to equation 4.43 the Q factor of an LC resonator filter for a percent
bandwidth Bpy, = 100% calculates to

L1 (5.21)

Qp = =
Bpy

This relatively low Q factor still offers a good efficiency npo = 98%, however,
the THD of -18 dB might be unacceptable (see Fig. 4.11). With equation 4.41,
fs = 869MHz and a load resistance R;, ~ Rp = 501, this results in the
component values

Ry,
L =9.16nH 5.22
P 27Tf5 9.16n ) ( )
1
Ch = = 3.66 pF. 5.23
P 97 f5 Ry, p ( )

Finally the drain-to-source capacitance Cpg ~ 0.27 pF of the ATF-541M4 [33]
has to be subtracted from C, to calculate the lumped element value of Cp:
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Cp = Clhp — Cpg = 3.39pF. (5.24)

As for the low-pass output filter, the design equations for a 3rd order filter derived
in Section 4.5.2 are used. The corner frequency f. = %¢ = 900 MHz is placed
slightly above the highest operating frequency of 870 MHz. For a Chebyshev
passband ripple Rqp = 0.1dB and R, = 502, the lumped element values are

Cp1 = 1.82pF (5.25)
Clpy = 3.85pF (5.26)
Lg = 4.80nH. (5.27)

The lumped element value C'ps is calculated to

Cpy = Cpy — Cps = 3.58 pF. (5.28)
The expected THD is -30dB at fs = 869 MHz (Equation 4.88).

Section 4.5.3 shows that an implementation of a paralleled differential trans-
mission line on a standard RF substrate is not applicable due to very narrow
slot widths that are difficult to manufacture. Therefore, the output filters are
implemented using broadside coupled differential transmission lines, as previ-
ously shown in Fig. 4.19. In order to minimize parasitics, the switching transistor
terminals have to be placed as close to the filter terminals as possible. This can be
done by placing the transistors on either side of the substrate. Fig. 5.24 illustrates
this idea by showing a cross section of a CMCD PA core with a low-pass output
filter.

Finally the output balun is designed. As shown in Section 5.2.2, with the
purpose of maximizing the bandwidth, an exponentially tapered balun is imple-
mented. A non-tapered section of the length d is added to the balun, in order to
account for the output filter and the DC supply network. Fig. 5.25 illustrates the
amplifier implementation. The balun width wj, and length [ are chosen for a good
match of the differential mode (Z411 /R =~ 1) in the passband of 690 MHz to
870 MHz and a good suppression of the common mode (Zcc11/R}, > 2) for the
passband frequencies and the second harmonics. The output width w; is designed
for a 50 2 single-ended load and the input width wg for a 50  differential source.

Table 5.1 shows the analytical estimation of the efhiciency with the selected
devices. The parasitics of the transistor are depicted in the data sheet [33]. Rps.on
and 7 are extracted from the ADS model of the transistor with a rectangular
switch simulation at 1 GHz. Unfortunately R, is not modeled or supplied. Rrrc
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Figure 5.24.: Cross section of PCB with switching transistors mounted on either side of the board
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Figure 5.25.: Implementation of the CMCD PA with an exponentially tapered balun
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Table 5.1.: Efficiency estimation of the implemented PA with LC resonator (CMCD A1)

£y = 869 MHz, Ry = 50

Device

Parasitic element Efficiency factor
T3r;1n515tor ATF-541M4 Rpson = 0250 nrm = 97.5%
[33] Cps = 0.27pF

R, — o0

7=0.156-7 nrr = 99.0%

Lp =0.63nH nLp = 94.6%
Radio frequency choke Rrrc =0.16Q2 nrrc = 99.2%
Output filter Qp=1 npo = 98.5%

Ry = 3.1kQ npp = 98.4%
Balun Re11(2) > 2- Ry, npr = 97.2%

Ssd21 =0.2dB NBL = 955%

Total efficiency: n > [[n; = 81.5%

is extracted from the data sheet of the RFC inductor (see Section 4.4.3). Ry of
the resonator is determined with the Modelithics models of the lumped elements.
The balun losses are simulated with the EM model in ADS. A common mode
resistance of at least Rec11(1) > 2+ Ry, is the design value of the balun (compare
Fig. 4.6).

The individual efficiency factors are calculated with the equations from Chap-
ters 3 and 4. The resulting total efficiency is n = 81.5%. As explained in
Section 2.3.2, this is a lower bound value. On the other hand, there may always
be additional, unconsidered loss mechanisms in reality. It is adequate for a first
approximation of PA efhiciency and an identification (and optimization) of criti-
cal components. As a rule of thumb, the individual efficiency factors should not
fall below 90% for high-efficiency PA operation.

5.3.2 Simulation Setup

The presented design equations support the designer in choosing an amplifier con-
cept and give start values for the subsequent nonlinear simulation. A simulation-
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5.3. Class-D Demonstrator PA

based design methodology enables a first pass implementation of the class-D
amplifier, provided all additional parasitic and material-specific properties are
included in the model. Therefore, much effort has to be put into researching
high-quality models and selecting suitable simulators.

This work utilizes large-signal transistor models provided by the manufacturers
Awvago/Broadcom [33] and Wolfspeed. Passive lumped elements are implemented
using the Modelithics simulation library [44]. Finally, transmission lines and
planar elements are modeled with an EM simulator.

Harmonic balance (HB) circuit simulation with Keysight ADS is used to
simulate and optimize the design. EM simulation is conducted with Keysight
ADS Momentum. The parametrized EM models of all critical components (e.g.,
the output balun) are generated and employed with the HB simulator.

The sophisticated output filters of the CMCD PAs presented in this work
with vertically mounted SMD components on broadside coupled transmission
lines are implemented with Modelithics simulation models. The SMD pads are
de-embedded from the models using the “Sim_mode=2” option. As Keysight
ADS Momentum unfortunately only offers uncalibrated ports to connect the
Modelithics components, the question arises as to where to place the uncalibrated
ports on the EM simulated SMD pads for an accurate simulation. Modelithics uses
Sonnet EM Analysis to implement their models [44] and, therefore, Sonnet with
so-called “auto-grounded” ports [58] is utilized to select the port location. As it
turns out, the placement of the uncalibrated Momentum ports in the middle of
the pad usually proves to be most accurate.

Fig. 5.26 shows an overview of the Keysight ADS simulation setup.

The time domain waveforms of the intrinsic drain-source voltages vpgs (¢) and
vps2 (t) and drain currents ip; (t) and ips () are used to evaluate the loadlines
at the transistor. A histogram function is used to plot the probability of a certain
voltage-current combination on the loadline chart. Fig. 5.27 (left) shows this
histogram.

The loadline is shifted towards the edges of the voltage-current plane, as one
would expect in a high-efliciency operation. High voltages at low currents as well
as low currents at high voltages have the highest probability and the transitions
are fast, thus the transistors are in switched mode operation. The Python code
used to extract this figure is shown below.

// Drain-source voltage (v_ds) and drain current (i_d)
plt.plot(v_ds, i_d) // in time domain
plt.hist2d(v_ds, i_d, bins=40, cmin=1, zorder=3,

cmap = plt.cm.bwr, norm=LogNorm())
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Figure 5.26.: Keysight ADS Simulation setup

To optimize the efhiciency, a power-weighted histogram function is used with the
Python code shown below.

// Drain-source voltage (v_ds) and drain current (i_d)
plt.plot(v_ds,i_d) // in time domain
gridx = np.linspace(min(v_ds) ,max(v_ds),41)
gridy = np.linspace(min(i_d),max(i_d),41)
H, xedges, yedges = np.histogram2d(v_ds, i_d,
bins=[gridx, gridyl)
H=np.log(H)
myextent = [xedges[0],xedges[-1],yedges[0],yedges[-1]]
v_ds_a, i_d_a = np.meshgrid (np.linspace(0,1,len(H)),
np.linspace(0,1,1len(H)))
power = v_ds_a * i_d_a
plt.imshow(H.T*power,cmap = diverge_map(),origin=’1low’,
extent=myextent, interpolation=’nearest’,
aspect=’auto’, zorder=3)

The probability function is weighted with a power loss function. Fig. 5.27 (right)
shows this power-weighted histogram. The bins on the histogram that are equiv-
alent to a high power loss are more prominent at this point.
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Figure 5.27.: Loadline with histogram of the CMCD A1 PA (left) and power-weighted histogram
(right). The static I-V curves of the transistor are illustrated in the background.

5.3.3 Manufacturing

The accurate manufacturing of the power amplifier is crucial for achieving good
repeatability in conjunction with the simulation model. A 6 mm thick gold
plated brass mounting plate with SMA flange connectors is used to mechanically
fix the PA board. The brass plate also houses the bias cabling and serves as a heat
sink.

Vapor phase soldering of the board ensures a very accurate and repeatable
positioning and puts low stress on the components.

The through hole mounted SMD components (see Fig. 4.19 in Section 4.5.3)
are attached with much care. Precise cutouts, which are not plated-through, are
placed in the PCB. The SMD components are fixed by a heat-proof tape on one
side and kept from falling through while soldering the other side.

Two PA boards are manufactured, implementing the two types of differential
output filters. Fig. 5.28 shows a picture of the manufactured power amplifier
CMCD A1 with a band-pass filter (LC resonator). A picture of the low-pass
implementation (CMCD A2) is depicted in Appendix A.2. A detail view of
the differential output filters with the through hole mounted components is
illustrated in Fig. 5.29.

103



5. Optimized Output Balun

Figure 5.28.: Picture of the CMCD A1 PA (band-pass filter)

Figure 5.29.: Detail views of the differential output filters on top and bottom of the PCB.
CMCD A1 PA (left) and CMCD A2 PA (right)
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5.3.4 Measurement Setup and Results

Fig. 5.30 shows an overview of the fully automatic measurement setup. The RES
ZVA24 vector network analyzer is used as signal generator and as a measurement
receiver. The differential input signal is generated in a so-called defined coherence
mode, 1.e., the signal sources have a fixed (and adjustable) phase and amplitude
relationship. This way, the calibrated input signals P;,,; and P;,2 are provided
with the total input power P;,, = Pj1 + Pjin2. Power calibration is done with a
R&S NRP-Z22 power sensor. The supply voltages Vpe (DC voltage) and Vg
(bias voltage) are provided by a Keysight N6705B DC power analyzer, which
accurately measures the DC input power Ppc. The RF output power P, of
the DUT is determined by the port 2 measurement receiver of the ZVA24. The
harmonic components of P,,; are simultaneously recorded. Finally, the spectrum
is monitored with a RES FSP spectrum analyzer. A LAN connection is used to
calculate drain efficiency 7 and PAE.

Even the smallest measurement errors can considerably distort the efficiency
reading. The absolute measuring accuracy of the RES NRP-Z22 power sensor is
0.085 dB at 20 to 25°C in a frequency range of 0.1 to 4 GHz [59]. This corresponds
to an uncertainty of 2.0% in the efficiency measurement. The Ppc uncertainty
is less than 0.1% as precision DC power modules are used in the Keysight N6705B
[60]. Attenuators at the input and at the output of the DUT are used to reduce
matching errors. An overall measurement uncertainty of 0.1dB in absolute
output power and 2.5% in efficiency is a realistic estimate.

Fig. 5.31 shows a measurement of the CMCD PA prototype A1l with a band-
pass (LC resonator) output filter. The RF parameters output power Py, gain
G, the drain efficiency 7 and the power-added efficiency PAE are depicted as

Voo @ LAN Foc P
Keysight n PAE
N6705B
e v, Z A

Source 1
R&S i PDC R&S
@ —>» | ZVA24 | > |V~ _|—> ZVA 24
Port 1 3dB Port 2
Source 2 DuUT - > <:
-20 dB

R&S _l_> out
—> }f —> | ZvA24 | > [N~ P, Mini Circuits

RS -3dB ZN2PD2-50

~

ZVA 24 Defined Coherence Mode R&S FSP

Figure 5.30.: Overview of the fully automatic measurement setup with phase coherent signal
sources
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Figure 5.31.: CMCD PA A1 (band-pass filter): RF parameters as a function of frequency at
P, = 7dBm

a function of input frequency. The input power is constant at P;,, = 7 dBm.
Additionally, the ADS simulation results are added to the figure. A peak drain
efficiency n = 77% is demonstrated at f; = 840 MHz.

A figure of merit is necessary to assess the bandwidth of the amplifier. In this
work the bandwidth is calculated for a minimum efficiency of 0.9 times (or 90%)
the peak efficiency. The same figure of merit has been used in Section 5.1.2 to
determine the (high-efficiency) bandwidth of the balun. With a peak efficiency
n = 77%, the bandwidths below are calculated for a minimum efficiency of 70%.
For the sake of comparison, the bandwidths with a minimum efhciency of 60%
are noted as well.

The drain efficiency exceeds 70% (7)70) for a range of 680 MHz to 1020 MHz,
which is only slightly lower than the simulation had predicted. The resulting
bandwidth is

5 _ . 1020 — 680 MHz
%70 = <7 71020 + 680 MHz

The drain efficiency exceeds 60% (760) for a range of 590 MHz to 1170 MHz.
The resulting bandwidth is

~ 40%. (5.29)

5 _ ., 1170 — 590 MHz
%60 = 2" 97170 + 590 MHz

The output power and gain deviate from the simulation by 2dB in the high-
efliciency region. This can be explained by additional losses in the input network,

~ 66%. (5.30)
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Figure 5.32.: CMCD PA A1 (band-pass filter): RF parameters as a function of input power and as
a function of input phase at f; = 869 MHz

which were not covered by the simulation and an inaccurately modeled transcon-
ductance of the transistor in the compression region.

A power sweep of the PA at the operating frequency fs = 869 MHz is depicted
in Fig. 5.32 (left). The amplifier is stable in linear mode. As expected, the
efficiency drastically decreases towards low output powers. The input phase
sweep in Fig. 5.32 (right) demonstrates that the implemented PA is symmetric.

The measured total harmonic distortion at f; = 869 MHz and P;,, = 7dBm
is THD = —26 dB. This is lower than the design value of -18 dB in Section 5.3.1.
The deviation can be explained with the reduced harmonic content of the real
current waveform (Fig. 5.26), which doesn’t have an ideal rectangular shape.
Furthermore, the insertion loss of the balun increases at high frequencies.

Fig. 5.33 depicts the RF parameters of the CMCD PA prototype A2 with a
low-pass output filter as a function of input frequency.

The drain efficiency exceeds 70% (1)7¢) for a range of 500 MHz to 1010 MHz.
The resulting bandwidth is

5 1010 — 500 MHz
%70 = <7 71010 + 500 MHz

The drain efficiency exceeds 60% (760) for a range of 415 MHz to 1100 MHz.
The resulting bandwidth is

~ 68%. (5.31)

5 _ 1100 — 415 MHy
%m60 = <" 1700 + 415 MHz

~ 90%. (5.32)
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Figure 5.33.: CMCD PA A2 (low-pass filter): RF parameters as a function of frequency at
P, = 7dBm

A peak power-added efficiency PAE = 75% is maintained for a range of 700 MHz
to 850 MHz.

Power sweeps of several frequencies of interest (fs = 869 MHz, fs = 690 MHz
and f; = 960 MHz) are shown in Fig. 5.34 (left). Once again, the input phase
sweep in Fig. 5.34 (right) depicts a symmetric PA design.

The measured total harmonic distortion at fs = 869 MHz and P;, = 7dBm
is THD = —38dB. This is lower than the design value of -30dB in Section 5.3.1.
The deviation coincides with the measurements of the A1 prototype.

The presented CMCD power amplifier does not only cover the SRD860 band
and the 700 MHz and 800 MHz TV whitespace at a high efficiency, but also
handles the industrial, scientific and medical (ISM) radio band at 915 MHz [61]
and the Global System for Mobile Communications (GSM) radio band at up to
960 MHz [61]. For an octave bandwidth (500 MHz to 1 GHz) the PA maintains
a drain efliciency n > 70% and a power-added efliciency PAE > 67%.

Table 5.2 gives an overview of current state-of-the-art wideband PAs with
similar operating frequencies. Single-ended class-F, -E and -] PAs are depicted as
well as differential class-D PAs. The CMCD A2 PA has the highest 60%-bandwidth
(B, 460) and the highest 70%-bandwidth (By , 7). For instance, compared to
a single-ended wideband class-F PA ([16], By, ;70 = 51%), the CMCD A2 PA
maintains high efficiency over a higher bandwidth (By; ,,70 = 68%). This is only
possible with a defined harmonic impedance space and this result underlines the
potentials of differential switched mode power amplifiers.
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Figure 5.34.: CMCD PA A2 (low-pass filter): RF parameters as a function of input power and as
a function of input phase at f, = 869 MHz

[62] presents a continuous class-F/F~! mode PA with a phenomenal 60%-
bandwidth (By, 60 = 84%). However, at higher efficiencies the bandwidth
drops significantly because of the transition band between class-F and class-F~*
mode.

The class-D PA in [8] de-embeds the losses of the external wideband balun. In
this work all balun losses are included in the measurements.

The class-D PA in [19] uses a bulky coaxial balun. To the knowledge of
the author, this work is the first demonstration of a CMCD PA with a planar
PCB-embedded balun.

Most of the PAs in Table 5.2 use GaN devices and operate at higher powers,
than the GaAs demonstrator PA in this work. Unfortunately only few GaAs PAs
have been published operating in class-F (e.g., [63]) and class-D (e.g., [8]) mode.
Thus, to verify the scalability of the design, the next section offers a high-power
25W demonstrator PA.
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Table 5.2.: State-of-the-art wideband PAs

Reference | Topology Poui(dBm) | Byeo(GHz) | By, 60 | Bonro
[64] class-] GaN 40 1.5-2.7 60% -
[65] class-F GaN 40 1.8-3.3 59% -
[16] class-F GaN 40 0.5-1.1 77% | 51%
[66] class-E GaN 40-43 0.9-2.2 84% 56%
class-F/F~1 o o
[62] i 40 1.3-3.3 87% | 44%
[17] class-F GaN 41-42 1.3-2.5 63% 42%
57%
[63] class-F GaAs 22 0.55-0.99 (PAE) -
47%
[67] class-F GaAs 31 1.3-2.1 (PAE) -
[8] class-D GaAs 29 0551.0 | 58% 38%
external balun
[19] classD GaN 4446 0.5-1.2 82% -
coax balun
This work
©Mcp | SlassDGaAs | ) 0.4-1.1 90% | 68%
PA A2) planar balun
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5.3. Class-D Demonstrator PA

5.3.5 High-Power Demonstrator PA

To verify the proposed design methods at high powers, a 25 W demonstrator PA
is presented. This amplifier is based on the CMCD A1 design.

To scale up the output power, an unmatched GaN HEMT is used. The
Wolfspeed CGH27030S [31] delivers up to 30 W peak power and can be operated
over a wide range of supply voltages. It features an SMD plastic package and
can therefore be mounted on either side of the PCB to minimize parasitic effects
(compare Fig. 5.24).

The LC resonator output filter is tuned to f, = 635 MHz. All passive SMD
components are selected according to the necessary voltage and current ratings
of the high-power operation.

Fig. 5.35 shows the implemented power amplifier. The high-power measure-
ment setup in Fig. 5.36 employs a preamplifier and a mechanical phase shifter.
Unfortunately, the defined coherence mode of the ZVA24 cannot be used. The
internal self-calibration procedures of the ZVA24 might lead to improper phase
relationships which could damage the transistors. A mechanical phase shifter
ensures that the 180° phase condition is always met.

Fig. 5.37 (left) shows a measurement of the high-power CMCD PA prototype.
The RF parameters output power P,,;, gain G, the drain efficiency 1 and the

Figure 5.35.: Picture of the CMCD B2 PA (band-pass filter)
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5. Optimized Output Balun
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Figure 5.36.: Modified high-power measurement setup with mechanical phase shifter

power-added efficiency PAE are depicted as a function of input power P, for
three different drain voltages Vpc. The switching frequency is constant at f, =
635 MHz.

The peak drain efficiency is about 80% and the peak PAE is 72%. The drain
voltage sweep in Fig. 5.37 (right) depicts efficient operation of the power amplifier
for a wide range of output powers from P,,; = 7W up to 25 W. This amplifier
could be used, for instance, as the core PA of an EER amplifier system. Table 5.3
gives an overview of current state-of-the-art high-power class-D PAs with similar
operating frequencies.

£, =635 MHz
T T T T T T T T T
541 — 12V n 80 35 ’N 80
§47 - - 16V 370 = p__—— 370 5
< ’ = PAE — =
= 60 =  25( 60 =
w g w
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40 T a5 15} a0 T
8 P()ut g
30 & 10 130 &
S w P, =31dBm w
‘L 20 51 =20
10 0 1 1 1 1 1 10
10 12 14 16 18 20 22
Input power P;, (dBm) Drain voltage Vpe (V)

Figure 5.37.: CMCD PA B2: RF parameters as a function of input power and as a function of
supply voltage Vpc at fs = 635 MHz
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Table 5.3.: State-of-the-art high-power class-D PAs

5.3. Class-D Demonstrator PA

Reference | Topology P,+(dBm) | fs(MHz) n PAE

[10] class-D LAMOS 41 900 60% | 58%
planar balun

[68] i 43 1000 71% | 69%
planar balun

[69] i};/sfc% GaN 35 470 77% | 67%

[70] class-D GaN 36 860 64% -
external balun

This work

(CMCD dlf;alr)bGaﬁl:l 42 635 79% | 72%

PA B2) P
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6  Antenna Integrated Amplifier

This chapter examines the integration of CMCD PAs into differential antennas. The
use of an antenna as a differential load allows to drop the balun and thereby simplifies
the PA-antenna interface. A description of different antenna types is followed by the
presentation of an antenna integrated amplifier (“amplitenna®). Finally, the efficiency
of the prototype is measured in an anechoic chamber.

The main contributions of this chapter are the analysis of antenna designs for
CMCD PAs, the implementation of an antenna integrated CMCD PA and a mea-
surement of the over-the-air (OTA) efficiency of this PA.

6.1 Motivation and Antenna Types

In many RF power amplifier applications, the RF signal is first amplified and
then transmitted by an antenna. The antenna and the power amplifier are usually
separate devices and are connected by a 50 € single-ended RF transmission line
(Fig. 6.1). In many cases the antenna is actually composed of one or more
differential antenna elements and a balun is used for attaching the single-ended
input.

With a differential PA concept like the CMCD power amplifier, the PA-antenna
interface can be simplified by dropping the single-ended path and the baluns and,
eventually, integrating the power amplifier into the antenna. Fig. 6.1 visualizes
this idea.

An antenna array, which is a set of multiple antenna elements, usually requires a
feed network that distributes the input power to & individual elements at a defined
power level Py 1 and a phase angle ¢y, For efficiency sensitive applications, the
design of the feed network is a compromise between power loss and bandwidth.
Fig. 6.2 shows an alternative design approach, which allows to drop the feed
network. The transmitter is now composed of k£ multiple CMCD PAs with
k multiple antenna elements. The output power of each element is determined
by the supply voltage Ve i, of the corresponding CMCD PA. The digital drive
signal defines the phase angle .
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Figure 6.1.: Ideal current mode class-D amplifier with a differential antenna load

6.1.1 Antenna Design for CMCD PAs

In general, the properties of antennas can be subdivided into two main areas
[71]. On the one hand, an antenna is defined by its spatial electro-magnetic field
distribution. On the other hand, an antenna is defined by its electrical properties
in terms of an input impedance. If the antenna is a part of a transmission system,
it has to be matched to the output impedance of the power amplifier. The antenna
input impedance Zfeeq = Rfeed + J X feed 1s the impedance at the input (or feed)
terminals, which is transformed to three components in series at the antenna:

* aradiation resistance R4, which describes the emitted power in the far
field (i.e., in the radiation zone or Fraunhofer region),

® 2 loss resistance R;,ss, which describes ohmic losses,

® areactance X,qq, which includes all electromagnetic energy saved in the
(reactive) near field.

The radiation resistance is usually referred to the point of the current maximum
on the antenna. If this current maximum appears at the input terminals (and
losses are neglected), then input resistance and radiation resistance are equal:
Rfecd = Ryqa. The same applies for the input reactance.
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Output Balun Antgnna
s B e LA o
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k Multiple k Multiple
CMCD PAs  antenna elements

Figure 6.2.: Array of multiple antenna elements with a single common and with multiple individ-
ual CMCD power amplifiers

The spatial field distribution of an antenna is usually only used in the far field to
calculate, for example, the directivity. For this purpose, the antenna reactance in
the near field is neglected. However, a complete picture of the input impedance is
required to design an antenna integrated amplifier according to Fig. 6.1. Resonant
emitters are especially sensitive to reactive mismatch. The same applies to the
output network of the harmonically tuned CMCD power amplifier.

All antenna parameters, including the input impedance, can be calculated from
the exact current distribution on the antenna. This calculation is very elaborate
even for relatively simple antenna structures. In fact, analytical solutions are
often unavailable and electro-magnetic (EM) simulations using, for instance,
finite element methods (FEM) are used to calculate the current distribution and
the resulting input impedance. Based on this, the input impedance analysis in
this work is restricted to a basic element, a thin linear dipole antenna.

The calculation of the spatial field distribution can be done using simplifications
by neglecting the reactive near field. For further information the reader is kindly
referred to common literature [71-73].

6.1.2 Thin Linear Dipole Antenna

Fig. 6.3 shows a cylindrical linear dipole antenna depicted in [72]. In opposition
to a single-ended monopole, the dipole is a differential antenna and is, therefore,
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6. Antenna Integrated Amplifier

suitable for the CMCD power amplifier. The current source I induces the
current density J into the two cylindrical conductors with the height / and the
diameter d. Due to the skin-effect at high frequencies, the current density J can
be assumed to be a rotationally symmetric surface current Jr on the surface A’
of the cylindrical conductors.

1K

---------------- c
R=r-r The antenna is

called “thin” if

................ -

Figure 6.3.: A cylindrical linear dipole antenna

Calculation of the Far Field Components

The magnetic vector potential A (r) at a space point r with a source point r’ can
be calculated from the Maxwell equations [72] to

Ar) = # o) S (6.1)

T 4n |r — 1/
A/

with ko = w/cp in free space.

The integration of the current density Jp at the cylindrical surface A’ is quite
elaborate. A reduction of the current density Jr to a one-dimensional current
I (') would simplify the calculation. It is allowed, if the antenna is sufficiently
thin. According to [72], a cylindrical linear dipole antenna is referred to as “thin”
if the antenna length is considerably larger than the diameter
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I 2h
—-=—2>175 6.2
d d — (62)
and the diameter is considerably smaller than the wavelength in free space
Ao
d< —. 6.3
<0 (63)

In the far field of the antenna the field strengths are given by

H = —jkoe, x A and E=—e xZyH (6.4)

with kg = w/cp and Zy = /o /€o in free space [72]. With |r| > |r/| in the far
field the magnetic field of the thin antenna can be written as

e*jkg?‘ . ko2’
ZoH (r) = —jwuo 1 (e, X e;) /I (2') e?"0% (eres) gy, (6.5)
r
“h
With e, - e, = cosv and e, x e, = —e, sin? and the symmetry of the current

I(=2") =1(%), the far field components are

e_j

h
kor
Ey = ZoH, = —jwiyg 5 sinﬁ/I (z’) cos (koz’ cos 19) dz'|. (6.6)
0

r

In practice the current distribution can be approximated by a standing sinusoidal
wave [72] with

1 (z') = I'sin [ko (h — ‘z'm . (6.7)

With this assumption in mind, the far field components can be calculated [72] as
a function of antenna height h and the spatial coordinates by

~e~IkoT cos (koh cos ) — cos (koh)

By = ZoH, = 701 — (6.8)

Tr sin
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Calculation of the Input Impedance

The radiated power P,,4 of an antenna can be calculated [72] by integrating the
Poynting vector S at the spherical surface element dA = e,7? sin 9dddyp by

2w
Proa = Re # S-dA ; = / / Sr’f’Q sin Q?d’lgdgo (69)
A ©=09=0

The magnitude of the Poynting vector S, is obtained from the far field compo-
nents by

1 * 1 2
Sr = 5er-Re {Eg x H}} = 7 |Ey| (6.10)
and with 6.8 S, is calculated to
|2
g Zo (I [cos (koh cos¥) — cos (koh)]? (6.11)
" 8n2p2 sin® ¥ ' '

The calculation of the radiation power P, is then reduced to the integration of
the ¥-component:
12
Z [‘
4

Prod = . (6.12)

sin ¢

/7r [cos (koh cos ) — cos (koh))?

9¥=0

The radiated power P4 of a thin linear antenna can be given as a function of
radiation resistance R,..q if a sinusoidal current distribution is assumed:

2

A

I

Prad = TRrad' (613)

Therefore, the radiation resistance can be given as a function of dipole height

by

Zy [ [cos (koh cos ¥) — cos (koh))?

2w sin v
9=0

Ryoqg = o | (6.14)

Unfortunately the integral in 6.14 cannot be solved analytically. [73] offers an
approximation
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Z
Rrat = 472{2h+1n (2koh) — Ci (2koh)]

+ sin (2]{70}1) [Sl (4/€0h> — 2Si (Qkoh)}
+ cos (2koh) [y + In (koh) + Ci (4koh) — 2Ci (2koh)] }(6.15)

with v = 0.57721... the Euler-Mascheroni constant and the sine (Si) and cosine
(Ci) integrals

Si(x) :/Sliltdt and Ci(x) = —/Co:tdt. (6.16)
0 T

[73] also offers a solution for the antenna reactance X4 as a function of antenna
diameter d = 2a and height h:

Z
Xiad = 20{28i (2k§0h) -+ cos (2k0h) [QSi (Qkoh) —Si (4/€0h)] +
s

(koa)
koh

+ sin (Qth) + Ci (4]{70}1) — 2Ci (2]{70}1)

}.

(6.17)

v+ In

The reactance calculation is done using the EMF (electro-motive force) method,
which is shown in [74]. It is based on the Lorentz reciprocity theorem, which
states that two localized current densities J; and Jo that produce the fields Ey
and F at an angular frequency w can be integrated over a volume V' by

/ Ji - BydV = / JoErdV. (6.18)
Vv Vv
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Figure 6.4.: Input- and radiation impedance of a thin linear dipole d = 2a = 107 )\q as a function
Of l/)\o

Table 6.1.: Selected input impedances of a thin linear dipole

Half-wave dipole | Matched dipole
Antenna length [ Ao/2 0.96 - \o/2
Zfeed = Rfeed+ijeed (731 +]425)Q (731 +JO)Q

Fig. 6.4 shows the input and radiation resistances and -reactances of a thin linear
dipole d = 2a = 1073\ as a function of normalized length I/)\g. The input
and radiation impedances differ at integer multiples of the wavelength. This
happens due to a shift of the point of current maximum away from the input
terminals. The radiation impedances are always defined for the point of the
current maximum on the antenna. Table 6.1 depicts selected values of R fecq
and X fcq. The half-wave dipole has an input resistance of 73.1€2 and is slightly
inductive at +42.5€2. This inductance can be compensated by slightly trimming
the dipole length. At approximately 0.96 - Ao/2 only a resistive input impedance
is presented.

However, the reactance, in combination with a CMCD PA, can be absorbed
by the output filter. At fs = 869 MHz, the input reactance of the half-wave
dipole is equivalent to an inductance L fecq = 7.78 nH. This value can be easily
absorbed in the parallel inductance L,, of a practical LC resonator filter (compare
Section 5.3.1).
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Antenna Efficiency

The radiated power P44 and the loss power P are used to calculate the antenna
efficiency 7,qq4. With Kirchhoff’s current law, the antenna efficiency can be given
as a function of radiation resistance and loss resistance by

Prad _ Rrad
Prad + Ploss Rrad + Rloss

Nrad = (6.19)

According to [72], the ohmic resistance of a cylindrical wire at high frequencies

with a > ¢ = 1/y/7 fuok (skin depth) is

a
Rloss - %RO (620)

with Ry = # and the conductivity k.

For example, a thin linear copper dipole (k = 58 - 106 S/m) of varying length
with a diameter d = 2a¢ = 1mm is calculated at f = 900 MHz. The loss

resistance 1s
l Q
Riges = 71/M —249 2 1. (6.21)
20V Tk m

Now 7,44 can be calculated with R, 44 from 6.15 and Rjss. Fig. 6.5 shows 1,44 as
a function of normalized length [/ )¢. The resistive losses slowly increase towards
high lengths. However, short antennas have a very bad efficiency due to the low
radiation impedance.

6.1.3 Wideband Antenna Implementations

A thin linear dipole antenna can be easily matched to a CMCD power amplifier.
However, the antenna impedance in Fig. 6.4 shows steep impedance gradients.
In other words, the dipole is sensitive to length and frequency variations. The
resulting mismatch is likely to deteriorate output power (resistive mismatch) and
efficiency (reactive detuning of the harmonic output filter).

The steep impedance gradients of the linear dipole originate from the resonant
properties of this antenna. Thus, frequency independent (i.e., wideband) antenna
implementations would be highly desirable.
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Figure 6.5.: Efficiency 7rqq of a thin linear copper dipole with d = 2¢ = 1 mm at f = 900 MHz
as a function of [/\o

Quality Factor Criterion for Wideband Antennas

The bandwidth of an antenna is often defined using the percent bandwidth
(see 2.2) with

fma:c - fmm
By, = 2. Lmaz — Jmin 6.22
% fma:c + fmm ( )
The bandwidth and the antenna quality factor are linked with each other by
equation 4.43

Meanwhile, the thin linear dipole antenna can be modeled as a series LC circuit
up to the first resonance with the quality factor

1 /L
=wVar

Therefore, in order to increase the bandwidth By, one should lower the Q factor,
1.e., decrease the distributed inductance L’ and increase the distributed capacitance
C". This can be done by increasing the diameter d of the dipole antenna. Practical
implementations either use tubes or paralleled wires to increase the antenna
diameter (Fig. 6.6). Conical caps are used at the input terminals to improve
matching to the feed line.
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Figure 6.6.: Implementations of cylindrical thick dipole antennas with metal tubes (top) and
paralleled wires (bottom)

Figure 6.7.: Symmetrical “bow tie” antenna with infinite length

Angle Criterion for Wideband Antennas

The input impedance of an antenna depends on the geometrical shape in relation
to the wavelength (for example in case of a thin linear dipole - the height of the ra-
diating elements). Thus, the input impedance should stay constant provided that
the geometry scales with the wavelength: the antenna is frequency-independent
[72,75]. Consequently, such an antenna has to be geometrically specified only in
terms of angles and not in terms of absolute lengths.

Fig. 6.7 shows a so-called “bow tie” antenna. This planar dipole antenna
consists of two tapered, conductive shields of infinite length. The symmetrical
antenna is fully defined by the angle a. It is assumed that the antenna length is
lmaz — 00 and the input terminal spacing is Iy, — 0. With this assumption
the antenna is independent of frequency.

The input impedance of the infinitesimally long “bow tie” dipole can be
expressed [76] by
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Figure 6.8.: Input resistance of the infinitesimally long “bow tie” dipole as a function of taper
angle o

K a
Zyeea = D EL08) (6.23)
2 K (sin9)
with K (z) being the complete elliptic integral of the first kind
p=m/2
K (z) = de (6.24)

0 V1-—a2sin?o

As Fig. 6.8 shows, the input impedance is real, i.e., it is an input resistance.
The antenna can be described as an infinitesimally long waveguide, which is
independent of frequency. In a real implementation the lower frequency limit
fmin 1s usually limited by the maximum antenna length ;4 being approximately
half the wavelength Ao [72] with

/\0 Co
in 2> — = 6.25
fmm ~ 9 2lmax, ( )

meanwhile the upper frequency limit fi,4, is defined by the input terminal
spacing lmn. Reflections at the finite antenna distort Zcq. The reader is kindly
referred to [72], which offers equations for the finite “bow tie” dipole.
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NoR

Figure 6.9.: Babinet’s principle states that two complementary antennas have the same properties

Babinet’s Principle for Wideband Antennas

The Babinet’s principle is a theorem from optics. It states that the sum of two
fields, which are shielded by two complementary screens, is equal to the field
without any screen. The theorem can be transferred into the electro-magnetic
world with electric and magnetic screens by

Ee+ Ep = Ey (6.26)

with E. and E,, being the fields with electric and magnetic screens and Fy being
the field without a screen. A magnetic screen can be implemented by inverting
voltages and currents in a conductive shield, thus designing a complementary
shape. Fig. 6.9 shows two complementary antennas with the input impedances Z;
and Z;. With Babinet’s principle, the planar dipole (Z;) has the same radiation
characteristics as the slot antenna (Z2). According to [77], the input impedances
are related to the intrinsic impedance of the medium Z; by

2
212y = (ZQ“> . (6.27)

Consequently, an antenna is a wideband antenna, if its complementary structure
is a wideband antenna too.
If the input impedances of the complementary antennas are identical with

7y = 2y = Zy/2, (6.28)

the so-called Mushiake relationship, and

Z0/2 ~ 1889 (6.29)

127



6. Antenna Integrated Amplifier

in free space, then the antenna is called self-complementary [77]. A self-
complementary antenna has a frequency- and shape-independent input impedance.
For the symmetrical, planar “bow tie” (Fig. 6.7) this is the case for & = 90° with
the input impedance

Zfeed = Z0/2. (6.30)

[77] presents more implementations of self-complementary structures. For exam-
ple, the wideband nature of log-periodic antennas is based on self-complementarity.

6.2 Implementation of an “Amplitenna”

6.2.1 Definition

The term “amplitenna” is a made-up word combining the terms “antenna” and
“amplifier”. Therefore, an “amplitenna” does not only merge the amplifier and
the antenna (e.g., on one PCB) from a system perspective, but also combines
them on a nonlinear circuit level. This allows parasitic properties of the linear
antenna to be absorbed by the nonlinear PA circuit and vice versa.

A typical feature of an “amplitenna” would be either a missing or a very short
output transmission line that connects the PA output and the radiating antenna
elements (compare Fig. 6.1).

6.2.2 Implementation and Antenna Design

The antenna type implemented in this work is a symmetrical, differential “bow
tie” antenna, which has been presented earlier in Section 6.1.3. The wideband
nature of this antenna implementation does not only increase the bandwidth of
the whole “amplitenna” (taking advantage of the wideband CMCD PA), but also
enables a robust, first pass design.

Fig. 6.10 shows the implemented antenna. The two radiating elements are
positioned on opposite sides of the PCB. The definition of the angle v enables a
compact, rectangular design of the board. The antenna input terminals are wy
wide and by long. A d long feed line is used to connect the transistors to the
antenna input. The feed line reduces coupling of the antenna to the amplifier
board, by raising the common mode impedance at the transistor reference plane.
Just like in the CMCD demonstrators in Section 5.3, the feed line is also used to
implement the lumped element output filter of the CMCD PA.
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Figure 6.10.: Symmetrical, differential “bow tie” antenna
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Figure 6.11.: Simulation of the antenna input impedance in differential mode with Keysight’s ADS
Momentum and ADS 3D FEM in comparison

Fig. 6.11 depicts a simulation of the antenna input impedance based on the
following geometric properties: | = 129mm, o = 17°, wy = 2.6 mm, by =
2.3mm, d = 21.4mm, wy = 1.25mm and s = 0.2 mm. The simulation is done
using Keysight’s ADS Momentum and is verified with the ADS 3D Finite Element
Method (FEM) EM simulator. With ADS Momentum the antenna simulation
and the large-signal PA simulation can be combined. This simplifies the design
and enables optimization.

Finally, Fig. 6.12 shows the input impedance in differential mode and in com-
mon mode. The antenna is matched to the load impedance of the CMCD PA
Zy, = 50 at 870 MHz. The third harmonic in differential mode is relatively high-
impedance and has to be lowered, for instance, by a lumped element output filter

129



6. Antenna Integrated Amplifier

4.0 4 T T T T T - 10 e .
3.5 | — Momentum | : :
5ol 3D FEM : : 8 = L
N ' : N 1 |
™~ 251} ~ 6L [ (-
2 ] 3 [ |
< 20} ) 1 3 .
N ) N 4 ’ P
= 15| 4 ot - | g
& ' & 12 fs A4S
= 10} . = a
2 — Momentum |+
05T \ . i 3D FEM
0.0 [ RVAN | 1 1 0 1 L L T I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency f (GHz) Frequency f (GHz)

Figure 6.12.: Differential (Z4411) and common mode (Zc11) input impedance of the “bow tie”
antenna as a function of frequency simulated with ADS Momentum and ADS 3D FEM

to provide a harmonic short (see Table 4.1). In common mode two even harmon-
ics are high-impedance. The fundamental impedance is Mag {Z..11 (1)} = Zy,
which according to Fig. 4.6 corresponds to an efficiency of 80%. However, the
simulated efliciency is higher due to the highly reactive nature of Z..1;.

The bandwidth of the antenna is not very large due to the small angle of
the “bow tie” (o = 17°), which, according to Babinet’s principle for wideband
antennas (see Section 6.1.3), should be in the range of 90°. However, compared to
an “ideal” dipole, the bandwidth is increased (visible by the loop in the Smith chart
in Fig. 6.11). This enables a robust design of an “amplitenna” demonstrator.

6.2.3 “Amplitenna” Demonstrator

A low-power “amplitenna” demonstrator is designed based on the CMCD wide-
band core in Section 5.3 and Fig. 5.24. The large-signal simulation is done with
Keysight’s ADS using an S-parameter based EM model of the antenna. To calculate
the RF parameters of the “amplitenna”, the radiated output power P, .4 has to
be determined. The radiated output power is equal to the output power of the
PA P,,; minus the loss power of the antenna:

Prad = Pout - Ploss- (631)

Unfortunately it is not possible to access the radiated power in the HB circuit
simulation of ADS. Therefore, the RF output power P,,; has to be calculated
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Figure 6.13.: Picture of the implemented “amplitenna” (CMCD PA C1)
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Figure 6.14.: Pictures of the CMCD C1 reference antennas with differential (left) and single-ended
inputs (right)

from the voltage and current waveforms at the PA-antenna interface and losses at
the antenna are included with the radiation efhiciency 7,44 from 6.19.

Prad = Pout * Nrad (632)

The simulated radiation efficiency of the implemented “bow tie” antenna (see
Fig. 6.10) is yqq = 97.9% at f = 870 MHz.

Fig. 6.13 shows a photo of the implemented “amplitenna” (CMCD PA C1). For
calibration purposes two reference antennas with differential and single-ended
SMA flange connector inputs are designed (Fig. 6.14).
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6.3 OTA Efliciency Measurement

In order to fully characterize the implemented “amplitenna”, the radiated power
P44 has to be determined to calculate the efficiency by

_Prad PAE:Prad_Pi

= 6.33
Ppc Ppc (633)

This section presents an over-the-air (OTA) measurement in an anechoic chamber,
in order to quantify the radiated power P,44.

6.3.1 Measurement Setup

An antenna commonly distributes power in a non-uniform way in all three
dimensions. This distribution of power is described by the radiation pattern of
the antenna in terms of spherical coordinate angles ¥ and ¢. Several methods
exist for determining the radiated power P,,4 of an antenna, namely:

1. Absolute measurement of P,,q by a spherical integration of the power
density,

2. relative measurement of the “amplitenna” gain with a passive reference
antenna and calculation of P,4q4,

3. absolute measurement of maximum power density and calculation of P44
with the directivity D from a simulation.

To measure the absolute radiation power P4 of an antenna, the Poynting vector
S has to be integrated at the spherical surface element dA:

2r w
Praqg = Re #SdA :/ /ST(ﬂ,gp)rzsinﬁdﬁdcp.

©=09=0

Sy (9, ¢) is the angle-dependent power density, which is evaluated at a distance .

This absolute measurement method does not require a calibration with refer-
ence antennas or inclusion of simulation data. Measurement inaccuracies arise
from the fact that parts of the antenna will be shadowed by the antenna mount
during measurement, which is illustrated in Fig. 6.15. The method in question
will therefore predict a lower bound for the radiation power and the PA efficiency.
In opposition to anechoic chambers, electromagnetic reverberation chambers
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Measurement

Shadow
antenna

RF absorbers

Figure 6.15.: Measurement setup in an anechoic chamber

can be used [78] to measure the radiated power P,,4 of a DUT. The reflective
surface of an electromagnetic reverberation chamber and the usage of a mechan-
ical “mode stirrer” eliminates shadowed areas. Electromagnetic reverberation
chambers are often used in electromagnetic compatibility (EMC) measurements
to determine the absolute interference power of a DUT.

A relative measurement of the “amplitenna” gain G can be used to determine
Proq bY

Prad:G'-lDin:G'(Pin1+Pin2)7 (634)

with the known input power P,.
The received power at a randomly positioned measurement antenna P, p4 is

PT,PA:Prad'A:G‘Pin'Aa (635)

with A the path loss due to the distance to and the radiation pattern of the DUT.

A second measurement determines the received power P, . with a geometri-

cally identical reference antenna (Fig. 6.14, left) instead of the DUT. The gain of
this passive reference antenna is G = 1:

Prmef = Prad CA= Py, - A. (636)
This said, G of the DUT can be calculated by
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PT‘,PA _ G- Pm A
Pr,ref Pzn CA
P pa
G = . 6.37
Pr,r@f ( )
P,.q 1s then
P,
Py = P’"’P A pl (6.38)
rref

This method does not require an elaborate integration of the angle-dependent

q g g p
power density. However, the reference antenna has to have the same radiation
pattern as the “amplitenna”. Additional measurement inaccuracies arise from
positioning errors of reference antenna and DUT and from losses in the feed
lines of the reference antenna.

Finally, a method is presented which uses simulation data to determine P,44.
The power can be calculated with an absolute measurement of maximum power
p p

density and the directivity D of the antenna acquired from a simulation.
Yy Yy q
The directivity D of an antenna is a measure used to define this power distri-
y p
bution and is given in [72] as a function of power density S, (¢, ©) b
g p y ,p) by

D maximum power density (S, (9, ¢))

= mazr 6.39
mean power density (Sr (9, 0)) ( :

The mean power density (S, (¢, ¢)) is equal to the power density of a sphere
and is independent of ¥ and ¢. It corresponds to the magnitude of the Poynting
vector S with

(Sr(0,9)) = S (6.40)

As shown in 6.9, the radiation power P, can be calculated from the Poynting
vector by integrating the spherical surface element dA:

2r 7
P = Re #S-dA = / /STTQSinﬁdﬁdgp,
A ©=09=0
= 4nr’s,. (6.41)
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6.3. OTA Efficiency Measurement

The radiation power can then be given as a function of directivity D, distance r
and maximum power density with

(S (09D |

Proq = 4712
rad T D

(6.42)

The maximum power density has to be found by positioning the DUT in an
anechoic chamber. The directivity can be easily acquired from simulation. Partial
shadowing of the antenna is allowed as long as the electrical boresight is not
masked. However, simulation inaccuracies can distort the result.

Table 6.2 on the following page sums up the three over-the-air measurement
methods.
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Table 6.2.: Summary of over-the-air P,.qq measurement methods

Measured distance r

Method Input quantities Evaluation
1: Absolute Measured @ No calibration
measurement of Prad angle-dependent required
by spherical power density .
integration S, (9, ¢) @ Direct

measurement of
absolute power

© Power error due
to shadowing by
the antenna
mount

© Long,
time-consuming
measurement

2: Relative gain
measurement with
reference antenna

Measured power
with reference
antenna ... r

Measured power
with "amplitenna"

P.pa

@ Quick

measurement

© Reference antenna
required

© Potential

positioning errors

3: Simulation of
directivity and
measurement of
maximum power
density

Measured maximum
power density

(Sr (9,0 maz

Measured distance r

Simulated
directivity D

@ Quick

measurement

© Simulation data
required
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6.3. OTA Efficiency Measurement

6.3.2 Measurement Results
Relative Gain Measurement (Method 2)

Due to the difficulties of an absolute P,,; measurement (time-consuming, shad-
owing error), only the second method of Table 6.2 (relative measurement of the
“amplitenna” gain with a reference antenna) is used. The third method (abso-
lute measurement of maximum power density and calculation of P,,q with the
directivity D) is applied additionally to verify the measurement.

Fig. 6.16 depicts the “amplitenna” measurement setup in an anechoic cham-
ber. A RES ZVAA40 vector network analyzer is used as signal generator and as
a measurement receiver. The differential input signal is generated with a balun
ZFSCJ-2-4-S+ from Minicircuits. The input powers Pi,1 and Pj,2 are calibrated
using a power meter R&S NRP-Z22. Attenuators at the input are used to reduce
matching errors. The supply voltages Vpe (DC voltage) and Vj;q5 (bias voltage)
are provided by a Keysight N6705B DC power analyzer, which accurately mea-
sures the DC input power Ppc. Ppc excludes the ohmic losses of the supply
cables.

Fig 6.17 shows photos of the “amplitenna” in the anechoic chamber at Fraun-
hofer 1IS.

Anechoic chamber

Measurement
p antenna
AN~ inl
g P P
o -3dB —I—> rad r T R&S
e | | .................................. N
Port 1 Port 2
i Creats. L [ —r; "Amplitenna"
f ZFSC)-2-4-S+ 3dB A NSI-RF-5G975

S,

R&S
ZVA 40

Source 1

Keysight
V/)(,' @ @ Vi N6705B

Figure 6.16.: “Amplitenna” measurement setup in an anechoic chamber
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Figure 6.17.: Photos of the “amplitenna” in the anechoic chamber at Fraunhofer IIS

The relative gain measurement (method 2 of Table 6.2) is done with the reference
antenna in Fig. 6.14 (left), which has a differential input and is geometrically
identical to the “amplitenna”.

Instead of the absolute power P, the forward gain S ;s is measured.
It includes all the cable losses and avoids matching errors at the antenna input.
Afterwards, the input powers Pj,1 and P;,2 are calibrated with the power meter.
The difference due to the balun imbalance is 0.1 dB, which is acceptable.

At f = 870 MHz the forward gain of the reference antenna is S91 ,cf =
—48.11dB. With P;,, = Pj1 + P2 = 6.3dBm = 4.3 mW, the forward gain
of the “amplitenna” is S9; p4 = —36.13dB. P, is then

Prag = 1001 (S21.pa=S210es) . 67.8 mW. (6.43)
The measured DC power is Ppc = 86 mW and the efliciency is, therefore,

P,
= —rod _ 78 8%, (6.44)

- Ppe

Power Density Measurement (Method 3)

To verify the previous measurements, method 3 of Table 6.2 is used. To accurately
determine the directivity in simulation, the FEM simulator of Keysight’s ADS
is used. The absorbers of the antenna mount (Fig. 6.17) are included in the
simulation. Unfortunately the maximum directivity of the simulated “amplitenna”
is at the back (¢ = 270°, Fig. 6.18), which is inaccessible due to the antenna
mount. Therefore, the second local directivity maximum at ¢ = 90° with
D = 1.087dBi is used.
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Directivity

Mag. (dBi)

Phi (0.000 to 360.000)

Figure 6.18.: ADS Momentum far field simulation of the implemented antenna

The distance between measurement antenna and DUT is acquired with a Leica
“DISTO plus laser rangefinder” and is 7 = 3.194 m. The maximum power density
(Sr (9,9)),m4x at the measurement antenna is calculated from the power P,. P,
is directly measured at the NSI RF-SG975 standard gain horn with a power meter
RE&S NRP-Z22 after repositioning the antenna to the maximum power. With
P, = —9.53dBm and with the measurement antenna gain at 870 MHz (13.3 dB)
the maximum power density is [72]

47 1 mW

(Sr (,0)) maz = Er = 0.551—5-. (645)

)\(2) measurement antenna gain

With equation 6.42 the radiation power P,,4 can be calculated by

Sr (9, ¢))
P'r — 4 2( ) max
ad wr D

0.551 W

Wogjdm =55.0mW = 17.4dBm.  (6.46)

= 47 - (3.194m)?

The input power used in this measurement was Pj,, = 6.3 dBm. The expected
radiated power at this point (relative gain, method 2) is Pqq = 67.8 mW =
18.3dBm.
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Summary and Evaluation of the Measurements

Fig. 6.19 (left) shows the measurement of the “amplitenna” as a function of input
power at 870 MHz. The results of both measurement methods are depicted. On
the right side, the simulation results are plotted for comparison. As Section 6.2.3
suggests, the radiated output power is calculated from the voltage and current
waveforms at the PA-antenna interface and the radiation efficiency 7,44 = 97.9%
of the antenna.

The difference between the results of method 3 (P..q = 17.4dBm) and 2
(Preq = 18.3dBm) 1s 0.9 dB.

Method 3 is a lower bound measurement, because the absolute value of power
density is lowered by

e additional connector losses at the measurement antenna,
® mechanical adjustment errors

* and the linear polarization of the measurement antenna.

The absolute accuracy of the R&S NRP-Z22 power sensor is 0.085dB [59] and
includes connector mismatch losses. The measured power level is stable within
+5° of mechanical readjustment. The cross-polarized power is 30 dB below the
measured linear level. However, the gain of the NSI RF-SG975 standard gain
horn is only specified with £0.5dB [79].

24 — T T T 90 24 — T T T 90
- — —
| f=8TOMHz 60 ap| fr=STOMHz s
m i — T A
@ = |gim .
= 20} 70 201 A 70
S | Gainey NC Y :
< 18 3 60 g 18 | Gain G “‘._'.:.. _________ 160
R E N NSy AN ~ LT
© 16} 50 £ 16} : & pAE50
£ 1} 40 ¢ 1afp 140
~ 12| = . . 30 & 12 ¢ ; - 430
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Figure 6.19.: Measurement of the “amplitenna” (CMCD PA C1): Radiated output power, gain
and efficiency as a function of input power at f; = 870 MHz. The results of the relative gain
measurement (method 2) and the power density measurement (method 3) are depicted. The ADS
simulation is plotted for comparison.
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Figure 6.20.: Measurement of the “amplitenna” (CMCD PA C1): Radiated output power, gain
and efficiency as a function of frequency at P;,, = 6.3dBm. The ADS simulation is plotted for
comparison.

Method 2 is an upper bound measurement, because the relative gain is raised by
the mismatch of reference antenna.

Even though S-parameters are measured, the 3 dB attenuators at the input
“hide” the reflected power. Within £30 MHz the simulation predicts an input
return loss of <-13dB, that is, the mismatch error should be <5% or 0.2 dB.
Additional errors potentially appear from the mechanical repositioning while
changing the antennas. However, the power density measurement has shown
that the gain gradient of the antennas is low enough. Eventually, even though
the reference antenna and the “amplitenna” have the same physical dimensions,
the directivity in simulation differs by 0.35 dB.

The 0.9 dB difference of the two measurement methods is within the scope of
the combined errors from the standard gain horn, the power meter, the reference
antenna mismatch and the directivity deviation of the reference antenna.

Unfortunately, it was not possible to perform a wideband frequency sweep
because of the mismatch issue. Fig. 6.20 depicts a narrowband frequency sweep
of the “amplitenna”.

The presented measurements demonstrate a high-efficiency switched mode
operation of the PA with a seamlessly integrated differential antenna. It has to be
noted that the measurements already include the radiation efficiency (97.9% in
simulation) of the antenna. The drain efficiency at the PA interface is therefore
2.1% higher.
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7  Conclusions and Outlook

7.1 Conclusions

The design of a fully digital RF power amplifier is a long-cherished wish. Agile
and low-cost software-defined radio transmitters can only be implemented, if the
digital domain is moved further towards the analog RF interface. This work has
achieved important progress towards this goal. The main aim of this work was

* to motivate the use of differential (i.e., push-pull) architectures for switched

mode PAs

* and to present solutions for flexible, efhicient and wideband switched mode
amplifiers.

After an introduction to the bandwidth-enhancing properties of differential PA
architectures, the differential current mode class-D (CMCD) switched mode
PA concept has been introduced and analyzed. This PA can be designed for
bandwidths of up to 100%, in comparison to a single-ended inverse class-F PA
(40%) with second and third harmonic output termination.

The switched mode operation of RF transistors was not the main focus of this
work. However, an overview of RF transistor technologies, losses in switched
mode operation and stability has been given in accordance with the state of the
art.

One of the main contributions of this work is the output network analysis
of the differential CMCD PA. The ideal harmonic output impedances were
calculated in common and differential mode. Usually, the common mode is
inherently terminated by the symmetry of the PA. However, the output balun
and the output filter distort this symmetry. The imbalance of the output network
has been analytically evaluated and the efficiency degradation of a finite common
mode impedance has been calculated.

The output filter has to provide a differential short for the odd harmonic
frequencies of the switched currents. Two output filter implementations, a
band-pass filter (LC resonator) and a low-pass filter, have been calculated and
optimized for CMCD PAs. Furthermore, a low parasitic PCB implementation
with vertically mounted SMD components has been offered.
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The output balun is one of the key components of a differential PA. Its passband
defines the bandwidth of the PA and its symmetry and insertion loss have a major
influence on the efhiciency. To begin with, baluns have been subdivided into two
functional principles, delay line baluns and coupled line baluns. While delay
line baluns suffer from the narrowband implementation of technically feasible
180° phase shifters, coupled line baluns can be implemented for high bandwidths.
An improved circuit model of a planar coupled line balun has been developed
and verified by EM simulations. Furthermore, the bandwidth limits of planar
broadside coupled line baluns have been identified. It has been shown, that a
simple coupled line balun cannot cover the 100% bandwidth of an ideal CMCD
PA. Therefore, an improved tapered balun, which can cover 100% bandwidth,
has been developed and analyzed.

Finally, several CMCD demonstrator PAs have been presented. The PAs are
all implemented with a tapered coupled line balun. The output filter has been
embedded in the balun using vertically mounted SMD components. A low-
power (100 mW) PA maintains a drain efficiency of >70% and a power-added
efficiency (PAE) of >67% for an octave bandwidth (500 MHz to 1 GHz, 68%
bandwidth). The peak drain efficiency is about 78%, the peak PAE is 75%.
The drain efficiency is over 60% for a range of 415 MHz to 1100 MHz, which
corresponds to a bandwidth of 90%. Compared to a single-ended wideband
class-F PA ([16], 51% bandwidth at 70% drain efficiency), this differential class-
D PA maintains high efficiency over a higher bandwidth (68% bandwidth at 70%
drain efliciency). This is only possible with a defined harmonic impedance space
and it underlines the potentials of differential switched mode power amplifiers.
Table 5.2 in Section 5.3 gives a detailed overview of state-of-the-art single-ended
and differential PAs.

To verify the proposed design methods for CMCD PAs at high powers a 25 W
demonstrator PA is presented. The measured peak drain efficiency of this PA is
about 80% and the peak PAE is 72% at 635 MHz. For an output power range of
7 W to 25 W the PA maintains high efficiency. Therefore, this amplifier could be
used, e.g., as the core PA of an EER amplifier system.

In many RF power amplifier applications, the RF signal is amplified and
afterwards transmitted by an antenna. Quite a few antennas are implemented as
a differential load and baluns are needed to connect the PA and the antenna with
a 50 (2 single-ended RF transmission line. The use of an antenna as a differential
load allows to drop the balun and simplifies the PA-antenna interface.

Therefore, several wideband antenna implementations have been offered in
this work and an antenna integrated amplifier, the so-called “amplitenna”, has
been designed. This 100 mW prototype has then been measured over-the-air in an
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anechoic chamber. The radiated output power has been assessed by a measurement
of the relative gain with a passive reference antenna and, for reference, by an
absolute measurement of the power density. The two measurements differ in
0.9dB, which is within the accuracy of the setup. A comparison shows that
the relative gain measurement will give an upper bound for the radiated power,
whereas the absolute power measurement outputs a lower bound. The peak
efhiciency is within a range of 67% to 81% at 870 MHz.

Most PA designs are characterized and compared with ideal, wideband
50 2 loads. In this work, the effective radiated power of an “amplitenna” has been
quantified. The measured efficiency includes the radiation efficiency (97.9%)
of the antenna. The presented measurements demonstrate a high-efhiciency
switched mode operation of the PA with a seamlessly integrated differential
antenna.

The findings of this thesis can help the PA designer to better understand the
operating principle of harmonically terminated differential PAs. The design
techniques proposed in this work can assist engineers in building PAs with
improved performance, such as enhanced efficiency and bandwidth.

7.2 Outlook

A complete examination of the topic is beyond the scope of this work and further
research is needed.

Miniaturization of the balun at higher frequencies: At an operating fre-
quency of about 500 MHz, the planar tapered coupled line balun designed
in this work needs about 20 cm? of PCB area. This is quite small for a
high-power PA. However, future wideband telecommunication systems
(e.g., 5G) use a network of denser base stations at higher frequencies and
lower RF powers. Fortunately, the presented coupled line baluns scale
down with frequency. It would be interesting to design a hybrid or an
integrated balun for high frequencies, for example, at X-band.

Miniaturization of the balun at lower frequencies: At frequencies below a
few hundred megahertz the balun becomes very large. The common mode
impedance of the balun can be raised with magnetic materials in much
the same way as a common mode choke. Future work could investigate
different magnetic materials and core designs to optimize the low frequency
response.

Balun with impedance transformer: The application of the tapered balun as
an impedance transformer for, for instance, low-resistance high-power
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transistors has been shown. However, a practical demo is required to verify
the simulation.

Advanced filters with vertical SMDs: Vertically PCB-embedded SMD compo-
nents enable the design of low parasitic filters. It would be interesting to
apply this technique for designs, which require a high stopband attenuation,
for example, superhet receivers.

Wideband high-power PA: A 25W push-pull PA with a planar tapered balun
has been designed in this work to verify the harmonic termination of the
output network at a high power. This prototype has not been optimized
for a wide bandwidth with a low-pass output filter so far.

Linear and wideband amplification: This work has focused on high-efficiency
switched mode operation and PA linearity was not covered within the
scope of the research. However, all presented PAs can be operated in a
linear region at reduced efficiency. The 25 W prototype has a high efficiency
for a wide range of supply voltages and could be used in an EER amplifier
system. Advanced pre-distortion concepts could take advantage of the
separate input ports to further improve the bandwidth and the linearity. A
hybrid PA system with a CMCD core PA, a supply voltage modulator (for
EER) and a digital pre-distorter would allow efficient, linear PA operation
across a large bandwidth.

To sum up, this thesis can be used as a starting point for further research in order
to design advanced amplifier systems to progress towards a fully digital RF power
amplifier.
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A Appendix

A.1 Keysight ADS AEL Scripts

To verify the accuracy of the proposed balun circuit models and to simulate the
tapered transitions an electro-magnetic (EM) simulator (Keysight ADS Momen-
tum) is used in this work. The baluns are designed using the Keysight application
extension language (AEL) and the code is depicted below.

AEL Script of the Broadside Coupled Differential Line

// Measurement of odd and even mode impedances of a
// broadside coupled differential (top-bottom) line

// L: Length of the line

// Wl: Width of the top line

// W2: Width of the bottom line

// W3: Bottom line to ground separation

defun diff_line_art(L, W1,W2,W3)
{
de_set_global_db_factor(); // Sets the simulator
// units to layout user unit
// conversion factor used during
// rendering of AEL artwork objects.
de_set_layer(1);

de_draw_port(0, 0, -90.0); // Input top
de_draw_port(L, 0, 90.0); // Output top

de_add_polygon() ;
de_add_point (0, (W1)/2%1000) ;
de_add_point (0, (-W1)/2%1000) ;
de_add_point (L*1000, (-W1)/2*1000) ;
de_add_point (L*1000, (W1)/2%1000) ;
de_end();
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// Alternative to polygon:

// de_add_rectangle(0, (W1)/2%x1000,L*1000,
// (-W1)/2%1000) ;
de_set_layer(2);

de_draw_port(0, 0, -90.0); // Input bottom
de_draw_port(L, 0, 90.0); // Output bottom

// all ports for ground on bottom side:
de_draw_port (0, ((W2/2)+W3), -90.0);
de_draw_port (0, ((-W2/2)-W3), -90.0);
de_draw_port(L/4, ((W2/2)+W3), -90.0);
de_draw_port(L/4, ((-W2/2)-W3), -90.0);
de_draw_port(L/2, ((W2/2)+W3), -90.0);
de_draw_port(L/2, ((-W2/2)-W3), -90.0);
de_draw_port(3+L/4, ((W2/2)+W3), -90.0);
de_draw_port (3xL/4, ((-W2/2)-W3), -90.0);
de_draw_port (L, ((W2/2)+W3), 90.0);
de_draw_port(L, ((-W2/2)-W3), 90.0);

de_add_polygon() ;
de_add_point (0, (W2)/2%1000) ;
de_add_point (0, (-W2)/2%1000) ;
de_add_point (L*1000, (-W2)/2x1000) ;
de_add_point (L*1000, (W2)/2x1000) ;
de_end();

de_add_polygon();
de_add_point (0, (W2/2+W3)*1000) ;
de_add_point (0,20);
de_add_point (L*1000,20) ;
de_add_point (L*1000, ((W2/2)+W3)*1000) ;
de_end();

de_add_polygon();
de_add_point (0, (-W2/2-W3)*1000) ;
de_add_point(0,-20);
de_add_point (L*1000,-20) ;
de_add_point (L*x1000, ((-W2/2)-W3)*1000) ;
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de_end();

AEL Script of the Broadside Coupled Differential Two Stepped Line

//
//
//

//
//
//
//
//
//

de
{

Measurement of odd and even mode impedances
of a broadside coupled differential (top-bottom)
two stepped line

L: Length of the line

Wl: Width of the first top line

W2: Width of the first bottom line
W12: Width of the second top line
W22: Width of the second bottom line
W3: Bottom line to ground separation

fun diff_line_step_art(L, W1,W2,W3,W12,W22)

de_set_global_db_factor(); // Sets the simulator
// units to layout user unit
// conversion factor used during
// rendering of AEL artwork objects.
de_set_layer(1);

de_draw_port(0, 0, -90.0); // Input top
de_draw_port(L, 0, 90.0); // Output top

de_add_polygon() ;
de_add_point (0, (W1)/2%1000) ;
de_add_point (0, (-W1)/2%1000) ;
de_add_point ((L*1000) /2, (-W1)/2*1000) ;
de_add_point ((L*1000) /2, (W1)/2*1000) ;
de_end();

de_add_polygon() ;
de_add_point ((L*1000) /2, (-W12) /2%1000) ;
de_add_point ((L*1000) /2, (W12)/2%1000) ;
de_add_point ((L*1000), (W12)/2%1000) ;
de_add_point ((L*1000), (-W12)/2*1000) ;
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de_end();
de_set_layer(2);

de_draw_port(0, 0, -90.0); // Input bottom
de_draw_port(L, 0, 90.0); // Output bottom

// all ports for ground on bottom side:
de_draw_port (0, ((W2/2)+W3), -90.0);
de_draw_port (0, ((-W2/2)-W3), -90.0);
de_draw_port(L/4, ((W2/2)+W3), -90.0);
de_draw_port(L/4, ((-W2/2)-W3), -90.0);
de_draw_port(L/2, ((W2/2)+W3), -90.0);
de_draw_port(L/2, ((-W2/2)-W3), -90.0);
de_draw_port(3xL/4, ((W2/2)+W3), -90.0);
de_draw_port (3#L/4, ((-W2/2)-W3), -90.0);
de_draw_port (L, ((W2/2)+W3), 90.0);
de_draw_port (L, ((-W2/2)-W3), 90.0);

de_add_polygon() ;
de_add_point (0, (W2)/2%1000) ;
de_add_point (0, (-W2)/2%1000) ;
de_add_point ((L*1000) /2, (-W2)/2%1000) ;
de_add_point ((L*x1000)/2, (W2)/2%1000) ;
de_end();

de_add_polygon() ;
de_add_point ((L*x1000) /2, (-W22) /2%1000) ;
de_add_point ((L*1000) /2, (W22)/2%1000) ;
de_add_point (L*1000, (W22)/2*1000) ;
de_add_point (L*1000, (-W22) /2%1000) ;
de_end();

de_add_polygon() ;
de_add_point (0, (W2/2+W3)*1000) ;
de_add_point (0,20);
de_add_point (L*1000,20);
de_add_point (L*1000, ((W2/2)+W3)*1000) ;
de_end();
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de_add_polygon() ;
de_add_point (0, (-W2/2-W3)*1000) ;
de_add_point(0,-20);
de_add_point (L*1000,-20) ;
de_add_point (L*x1000, ((-W2/2)-W3)*1000) ;
de_end();
}

AEL Script of the Linear Coupled Line Balun

// Linear coupled line balun for a CMCD
// power amplifier

// L: Length of the taper

// W1 = Ws: Width of the microstrip top output line
// W2 = Wd: Width of the differential top and bottom
// input lines

// W3 = Wb: Width of the entire balun

// D: Linear differential line offset at the input
// S: Slot width at the input

defun Taper_art_line_3port(L, W1,W2,W3, D, S)
{

de_set_global_db_factor();

de_set_layer(1);

de_draw_port(-D+0.0001, W3/2, -90.0); // simulator
// units
de_draw_port(L-0.0001+0.004, W3/2, 90.0);

de_add_polygon() ;
de_add_point (0, (W3-W2)/2*1000); // user units
de_add_point (0, (W3+W2) /2%1000) ;
de_add_point (L*1000, (W3+W1)/2*x1000) ;
de_add_point (L*x1000, (W3-W1)/2%1000) ;
de_end();

de_add_rectangle(-D*1000, (W3-W2) /21000, O,
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(W3+W2) /2*%1000) ;

// diff port top
de_add_rectangle(L*1000, (W3-W1)/2%1000,

L*x1000+4, (W3+W1) /2x1000) ;

// small area at the output
de_set_layer(2);

de_draw_port(-D+0.0001, W3/2, -90.0);
de_draw_port(L-0.0001+0.004, W3/2, 90.0);
de_draw_port (-D-S-0.0001, W3/2, 90.0);
de_draw_port (-D-S-0.0001, W3/2, 90.0);

de_add_polygon() ;
de_add_point (0, (W3-W2)/2*1000) ;
de_add_point (0, (W3+W2) /2%1000) ;
de_add_point (L*1000, (W3+W1)/2x1000) ;
de_add_point (L*1000, (W3-W1)/2%1000) ;
de_end();

de_add_rectangle(-D*1000, (W3-W2) /21000, O,
(W3+W2) /2%1000) ;
// diff port bottom
de_add_rectangle((-D-S)*1000,0, L*1000,4) ;
// small area top
de_add_rectangle((-D-S)*1000,W3*1000-4,
L*1000,W3%1000) ;
// small area bottom
de_add_rectangle(-40,0, (-D-S)*1000,W3%1000);
// big area at the input
de_add_rectangle(L*1000,0, L*1000+4,W3%1000);
// small area at the output

AEL Script of the Linear Tapered Coupled Line Balun

// Linear tapered coupled line balun for a CMCD
// power amplifier

// L: Length of the taper
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//
//
//
//
//

de
{

A.1. Keysight ADS AEL Scripts

Wl = Ws: Width of the microstrip top output line

W2 = Wd: Width of the differential top and bottom
input lines

W3 = Wb: Width of the entire balun

D: Linear differential line offset at the input

S: Slot width at the input
fun Taper_art_3port_v2(L, W1,W2,W3, D, S)

de_set_global_db_factor();
de_set_layer(1);

de_draw_port(-D+0.0001, W3/2, -90.0); // simulator
// units
de_draw_port(L-0.0001+0.004, W3/2, 90.0);

de_add_polygon();
de_add_point (0, (W3-W2)/2*1000); // user units
de_add_point (0, (W3+W2) /2%1000) ;
de_add_point (L*1000, (W3+W1)/2*x1000) ;
de_add_point (L*1000, (W3-W1)/2%1000) ;
de_end();

de_add_rectangle(-D*1000, (W3-W2)/2%x1000, O,
(W3+W2) /2*1000) ;
// diff port top
de_add_rectangle(L*1000, (W3-W1)/2%1000,
L*1000+4, (W3+W1) /2%1000) ;
// small area at the output
de_set_layer(2);

de_draw_port(-D+0.0001, W3/2, -90.0);
de_draw_port (L-0.0001+0.004, W3/2, 90.0);
de_draw_port(-D-S-0.0001, W3/2, 90.0);
de_draw_port (-D-S-0.0001, W3/2, 90.0);

de_add_polygon();

de_add_point (0, (W3-W2)/2*1000) ;
de_add_point (0, (W3+W2) /2%1000) ;
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de_add_point (L*1000,W3%1000) ;
de_add_point (L*x1000,0);
de_end();

de_add_rectangle(-D*1000, (W3-W2) /21000, O,
(W3+W2) /2*1000) ;
// diff port bottom
de_add_rectangle((-D-S)*1000,0, L*1000,4);
// small area top
de_add_rectangle((-D-S)*1000,W3%1000-4,
L*1000,W3%1000) ;
// small area bottom
de_add_rectangle(-40,0, (-D-S)*1000,W3%1000);
// big area at the input
de_add_rectangle(L*1000,0, L*1000+4,W3%1000);
// small area at the output

AEL Script of the Exponentially Tapered Coupled Line Balun

// Exponentially tapered coupled line balun for a
// CMCD power amplifier

// L: Length of the taper

// W1 = Ws: Width of the microstrip top output line
// W2 = Wd: Width of the differential top and bottom
// input lines

// W3 = Wb: Width of the entire balun

// D: Linear differential line offset at the input
// S: Slot width at the input

defun Taper_art_exp_3port(L, W1,W2,W3, D, S)

{

decl N;

N=100; // N is restricted to < 100 due to

L=L+L/N; // constraints of the polygon function
// in ADS

decl i=0; decl x={0::L/N::L};

decl y1={0::L/N::L};

decl y2={0::L/N::L};
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decl y3={0::L/N::L};

decl y4={0::L/N::L};

for (i=0;i<N;i++){
y1[i]=W2/2*exp(1/L*1n(W3/W2)*x [i])+W3/2;
y2[i]=-W2/2%exp (1/L*1n(W3/W2)*x[i])+W3/2;
y3[i]=-W2/2*exp(1/L*1n(W1/W2)*x[i])+W3/2;
y4[i]=W2/2%exp (1/L*1n(W1/W2)*x[i])+W3/2;

de_set_global_db_factor();
de_set_layer(1);

de_draw_port(-D+0.0001, W3/2, -90.0); // simulator
// units

de_draw_port (L-L/N-0.0001+0.004, W3/2, 90.0);
de_add_polygon() ;

for (i=0;i<N;i++) de_add_point(x[i]*1000,

y3[i]*1000) ;
for (i=N-1;i>=0;i--) de_add_point(x[i]*1000,
y4[i]*1000) ;

de_end();

de_add_rectangle(-D*1000, (W3-W2) /21000, O,
(W3+W2) /2*1000) ;
// diff port top
de_add_rectangle ((L-L/N)*1000, (W3-W1)/2%1000,
(L-L/N)*1000+4,
(W3+W1)/2*1000) ;
// small area at the output
de_set_layer(2);

de_draw_port(-D+0.0001, W3/2, -90.0);
de_draw_port (L-L/N-0.0001+0.004, W3/2, 90.0);
de_draw_port(-D-S-0.0001, W3/2, 90.0);
de_draw_port (-D-S-0.0001, W3/2, 90.0);

de_add_polygon();

for (i=0;i<N;i++) de_add_point(x[i]*1000,
y1[i1*1000) ;
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for (i=N-1;i>=0;i--) de_add_point(x[i]*1000,
v2[1]%1000) ;
de_end();

de_add_rectangle(-D*1000, (W3-W2) /21000, O,
(W3+W2) /2*1000) ;
// diff port bottom
de_add_rectangle((-D-S)*1000,0, (L-L/N)*1000,4);
// small area top
de_add_rectangle((-D-S)*1000,W3%1000-4,
(L-L/N)*1000,W3*1000) ;
// small area bottom
de_add_rectangle(-40,0, (-D-S)*1000,W3%1000);
// big area at the input
de_add_rectangle((L-L/N)*1000,0,
(L-L/N)*1000+4,W3*1000) ;
// small area at the output
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A.2 Additional Pictures of the PAs and the Measurement
Setup

Figure A.1.: Picture of the CMCD A1 PA (band-pass filter)

Figure A.2.: Picture of the CMCD A2 PA (low-pass filter)
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Figure A.3.: Top and bottom views of the manufactured power amplifiers CMCD A1 PA (left)
and CMCD A2 PA (right)

Figure A.4.: Top and detailed views of the manufactured power amplifier CMCD B2 PA
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Figure A.5.: Overview of the manufactured boards

Figure A.6.: Photo of the measurement setup for the CMCD B2 PA
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The digitization of the analog radio frequency (RF) domain, carried out to realize
flexible, low-cost software-defined radio transmitters, has reached the power
amplifier (PA).

Switched mode operation is used to implement a digital input interface and
optimize the efficiency of RF amplifiers by minimizing the current-voltage
overlap at the transistor. Differential (push-pull) operation is used to enhance
the bandwidth of an amplifier by taking advantage of the symmetry to match
even harmonics.

This work discusses differential switched mode operation to design simulta-
neously efficient and wideband PAs. Using the example of the current mode
class-D (CMCD) amplifier, the required harmonic output impedance space is
derived and optimized implementations of wideband output filters and planar
baluns are shown.

The book concludes with several examples of differential switched mode PAs.
Furthermore, the integration of antennas as differential loads for differential PAs
is examined and an implementation of a so-called ,amplitenna“ is presented.
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