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Abstract

In the conventional classes of power amplifiers the efficiency drops at power back-off,
whereas in order to maximize the spectral efficiency and data rate, wireless communication
standards employ signals with high peak to average power ratio. This results in low average
efficiency for power amplifiers, which in turn results in heavy cooling requirements and
damage to the environment. To improve the low back-off efficiency Doherty technique
has been widely investigated. But, the conventional Doherty power amplifiers are fairly
narrowband, while modern transmitters are needed to support multiple standards and
operate at multiple frequency bands.

This thesis proposes two novel output combiners for Doherty power amplifiers with
extended bandwidth. It will be shown analytically how the problem of wideband Doherty
can be converted into an impedance synthesization problem. Then two networks to syn-
thesize the desired impedance are proposed. To achieve the proper load modulation over a
wide bandwidth, the first proposed combiner employs a quarter-wave short-circuited stub
at the output of the peaking transistor and the second proposed combiner uses a parallel
LC tank at the same node.

In addition to inherent wideband characteristics, the proposed Doherty output combin-
ers have three other important benefits. First, they present small low-frequency impedance
for both the main and peaking transistors, which results in improved linearity and lineariz-
ability when the amplifier is concurrently driven with multi-band modulated signals. Sec-
ond, the new combiners result in smaller group delay variation across the band compared
to the conventional Doherty amplifier, which results in improved linearizability when the
amplifier is driven with extra wideband modulated signals. Finally, the output capacitance
of the peaking transistor can be easily absorbed into the combiners without compromising
the performance of the amplifier.

The thesis starts with an overview of the Doherty power amplifier principles and pro-
vides a bandwidth analysis for the conventional Doherty power amplifier. Then it continues
with the new approach to extend the bandwidth of Doherty amplifiers with respect to re-
quirements of multi-band transmission. Based on the proposed combiners, two Gallium
Nitride 20 W Doherty power amplifiers have been designed and fabricated. The mea-
surement results have been provided to validate the developed theory. The first amplifer
covers 1.72 GHz to 2.27 GHz and the second one covers 700 M Hz to 950 M Hz and
both maintain higher than 48% of drain efficiency at 6 dB back-off across the band. The
two amplifiers are successfully linearized when driven with carrier aggregated modulated
signals.
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Chapter 1

Introduction

1.1 Motivation

In order to maximize the spectral efficiency, wireless communication standards employ
signals with a high peak to average power ratio (PAPR). An example of a high PAPR
signal, four carrier Wideband Code Division Multiple Access (4C-WCDMA), is shown in
Fig.1.1(a). The probability density function (PDF) of the amplitude of these signals follows
the Rayleigh PDF, as shown in Fig.1.1(b). Efficient amplification of such high PAPR signals
requires an amplifier which is linear and has high efficiency at power back-off as well as
peak power.

High PAPR Signal
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Figure 1.1: (a) The amplitude of 4C-WCDMA signal (b) Rayleigh PDF



To further increase the bit-rate, the Long Term Evolution (LTE) Advanced uses carrier
aggregation [1]. There are three different scenarios for carrier aggregation, which are shown
in Fig.1.2. The first scenario in which all the component carriers are contiguous and are
within the same operating frequency band is called intra-band contiguous and is illustrated
in Fig.1.2(a). Depicted in Fig.1.2(b) is the case when carriers are within the same band
but they are separated by a gap, or gaps, in between. This case is known as intra-band
non-contiguous. Finally, when the carriers are in different bands it is called inter-band
non-contiguous and is depicted in Fig.1.2(c). The amplification of such carrier aggregated
signals requires an amplifier which is wideband and is capable of amplifying wideband and

multi-band signals.
J u u l > f

~— — ~—— —

Band 1 Band 2

) Intra-band, contiguous

ﬂﬂﬂ -

Band 1 Band 2

) Intra-band, non-contiguous

ﬂﬂﬂ _
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(c) Inter-band, non-contiguous

Figure 1.2: Different scenarios for carrier aggregation in LTE-Advanced

Therefore, future communication systems require radio frequency (RF) power amplifiers
(PAs) which are linear, efficient and capable of supporting multiple standards and operating
at multiple bands, even concurrently.



1.2 Problem Statement

In the conventional classes of power amplifiers (e.g. class-A, AB, B) the efficiency drops at
power back-off. Therefore, amplification of high PAPR signals with such amplifiers results
in low average efficiency, which in turn results in heavy cooling requirements. This not
only increases the costs, but also causes damage to the environment.

To address the limited back-off efficiency of PAs, efficiency enhancement techniques
such as Doherty [2] have been extensively investigated. Although the conventional Doherty
power amplifiers (DPAs) are successful in improving the back-off efficiency, they are fairly
narrow-band (less than 10%). Therefore, they are not suitable for wideband applications.
Also, they usually fail to amplify carrier aggregated signals, especially when there is a
large gap between the component carriers. Although, there have been several attempts
to extend the bandwidth of DPA in recent years (a review of such works is provided in
the next chapter), they have not addressed the case where the DPA is driven with carrier
aggregated signals.

In this thesis, a novel approach to extend the bandwidth of DPA has been proposed.
The proposed combiner is simple to implement and enables concurrent amplification of
multi-band signals. A single PA which supports multiple communication bands results in
cost and complexity reduction of base-station transmitters.

1.3 Thesis Organization

The organization of this thesis is as follows. Chapter two starts with an overview of
conventional classes of RFPAs. Then it continues with a brief overview of the principles of
operation of the conventional DPA followed by the bandwidth analysis. Finally a literature
review of the previous works on wideband DPAs closes the chapter.

Chapter 3, which constitutes the core of the thesis, introduces the new approach to
extend the bandwidth of the DPA. This approach converts the problem of wideband DPA
into an impedance synthesization problem. In the rest of this chapter, two networks have
been proposed to synthesize the desired impedance needed for a wideband DPA. Other
characteristics of the new combiners are also discussed, including the group delay and
low-frequency impedance. It has been explained why maintaining small low-frequency
impedance is critical for successful linearization of the PA when it is concurrently driven
with multi-band signals.



To verify the developed theory, two wide-band DPAs have been designed and fabri-
cated based on the proposed combiners, the measurement results of which are presented
in chapter 4. Finally, chapter 5 finishes with conclusions from the thesis.



Chapter 2

Overview of the Conventional
Doherty Power Amplifier

2.1 Overview of RFPAs

A PA is an amplifier which amplifies power. In other words, its output power and power
gain are important. The gain of a PA is defied as:

Pout

G = P (2.1)
where P, is the input RF power to the amplifier and P,,; is the RF power delivered to the
load in Watt. To deliver the power P,,; to the load, the amplifier consumes Direct Current
(DC) power from a DC source, i.e. Ppc. Ppe is higher than P,,; and the difference would
be dissipated as heat. If for the same amount of output power the amplifier consumes less
DC power or in other words dissipates less power as heat the amplifier is more efficient.
The efficiency (drain efficiency) of a PA is defined as:

Pout
Ppc

Drain Ef ficiency =n = (2.2)

The above figure of merit does not include the gain and input power to the PA. In fact,
very efficient PAs can be designed with no gain. To include the gain, another figure of
merit called the Power Added Efficiency (PAE) is defined is follows:

Pout - Pzn . 1

n(l-=) (2.3)

PAE =
G

Ppc

5



As can be seen, if the amplifier has a high gain (G — o0) the two values converge.

In a high gain amplifier (HGA) the input as well as the output are conjugate matched
to maximize the gain. In a low noise amplifier (LNA)the input is noise matched to lower
the noise figure and the output is conjugate matched to get a reasonable gain. In a power
amplifier, however the input side is conjugate matched for the gain and the output side is
power matched to get the maximum power out of the device. Assuming that the transistor
can be modelled with an ideal current source, the power match at the output means
terminating the drain with a resistance equal to so called R,,;, where R, is defined as:

Vbe
Imam/2

Ropt - (24)

where Vpe is the drain supply voltage (which approximately is equal to V,4./2) and L4,
is the maximum allowed drain current. Terminating the output with R, ensures that
the device is pushed into its limits in terms of voltage and current and hence maximum
possible power can be delivered to the load without causing damage to the transistor.

2.1.1 Conventional Classes of Operation

The class of operation of a PA is defined based on the biasing point of the transistor and its
load termination (both at the fundamental and at the harmonics). Fig.2.1 illustrates the
transfer and output characteristics of a transistor, assuming that the transistor is modelled
with an ideal voltage controlled current source. It is also assumed that the transistor has
an abrupt turn on when the gate-source voltage (Vi) reaches the threshold voltage (Vi)
and has a sharp saturation when the current reaches its maximum.

In a class-A PA, the transistor is biased at I,,,,/2. The output current at peak input
voltage has an amplitude equal to [,,4,/2 which is also equal to the its average. The drain
bias voltage is half of the maximum allowed drain-source voltage, Vpgmaz/2. In a class-A
PA, the transistor consumes DC power even if the input voltage is equal to zero. As a
mater of fact, because the output voltage and current are perfect sinusoids, their average is
always equal to Vpgmas/2 and I,,4,/2, regardless of the input drive magnitude. Therefore,
the efficiency at peak power can be calculated as:

Vmax * Imaz‘

Ppca = — 1 (2.5)



Pout,A 1

"~ Ppcoa

Therefore, a class-A PA has two major drawbacks: first it consumes power without the
input drive and second, its peak efficiency is 50%, i.e. half of the consumed DC power will
be dissipated as heat. The important benefit of a class-A PA is that it has the highest gain
among all classes of operation.

IDS IDS
A A

IDS,sat IDS,sat

Figure 2.1: (a) Transfer and (b) Output characteristic of an ideal transistor

In order to increase the efficiency, the gate bias voltage can be moved towards the cut-
off. In a class-B PA the gate bias is equal to the threshold voltage. Therefore, without the
input signal, the transistor does not draw any DC current and therefore the consumed DC
power is equal to zero. Also, the amplifier only conducts for half of the input cycle, so in
a class-B PA the so called conduction angle is equal to 7, as illustrated with purple curves
in Fig.2.2.

The DC and fundamental components of a half sine current (as is the case in class B)
are equal to I, /7 and I, /2, respectively. Therefore, the efficiency at peak power can

be calculated as:
Vmaz * ]max

Ppep = 22— (2.8)
1 Vmaz * Ima:v
Pousp = 5 % e (2.9)
Pout B m
=——=—="T85 2.10
"B Pocp 4 % ( )
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Figure 2.2: Current waveforms and conduction angles in different classes of operation

Therefore a class-B PA has two major benefits: first it consumes no DC power without
the input drive and second, its peak efficiency is 78.5%, i.e. only 22.5% of the consumed
DC power will be dissipated as heat. The disadvantage of a class-B PA is that the input
drive should be doubled in order to push the transistor to its maximum limits. This means
that the gain of a class-B PA is 6 dB lower than that of a class-A PA.

As the current waveform moves away from a perfect sinusoid, harmonic components
start to appear at the output current. Therefore, in an ideal class-B mode, all the harmonics
should be terminated with short-circuited impedance.

When the conduction angle is between 7 and 27, the class of operation is called class
AB. The efficiency at the peak power in this case is somewhere between 50% and 78.5%.
Moving closer to class-B mode, the efficiency goes up while the gain goes down.

Finally, when the conduction angle is lower than 7 the PA is operating in class-C. The
efficiency gets closer to 100% as the conduction angle gets closer to zero, although there
would be no gain remaining there.

So far, it has been assumed that all the harmonics are terminated with a short circuited
impedance. It can be shown that by proper use of harmonics higher efficiencies can be
achieved, e.g. in class F. In a class-F PA the bias point is in the AB region (it is usually
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(a) Class-F current and voltage waveforms
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(b) An implementation of class-F PA

Figure 2.3: Class-F amplifier

very close to the class-B bias point). The voltage and current waveforms corresponding to
this class of operation are square and half-sine waves, respectively, as shown in Fig.2.3(a),
leading to ideally 100% drain efficiency at full rail-to-rail voltage swing. To achieve these
waveforms, the required harmonic load terminations of the transistor should be as follows:

ZL(fo) =Ry (2.11)
Zp(2kf,) =0 (2.12)
Zr((2k +1)f,) = (2.13)

Comparing a class-F PA with the class-B, one can conclude that,

4
vE = ZyB (2.14)
m

where V,,, is the magnitude of fundamental drain voltage of the transistor, and F and
B superscripts represent class-F and B quantities, respectively. Subsequently, the peak



output power of the two PAs can be written as

1

PE, = 5vBJB (2.15)
1

Poy = 5VII" (2.16)

Assuming that the output power of the two cases are equal, one can deduce the relation
between the required fundamental voltage and current components of the class-F PA at
peak power in terms of those of the class-B PA, i.e.,

4

VE = ;VB (2.17)
r = %IB (2.18)

In other words, the maximum current provided by the class-F PA has to scale down by a
factor of /4 = 0.785 for the same output power. Therefore, the optimum load impedance
of the class-F main transistor at full power can be calculated as

RF :V_J‘I;: (E)QRB

¢
T op

(2.19)

Therefore, to get the ideal 100% efficiency, the transistor is needed to be terminated with
the above impedance at the fundamental and with short circuit at even and open circuit
at odd harmonics. Although in practice, the harmonic termination is usually realizable up
to three harmonics. This gives a better efficiency than a class-B PA, but still far from the
ideal 100% efficiency.

2.2 Conventional DPA (Principle of Operation)

Fig.2.4(a) depicts the schematic of a conventional DPA. Doherty power amplifier is suitable
for efficiently amplifying high PAPR signals, since it maintains its peak efficiency over a
certain range (e.g., 6 dB) of back-off, depicted in Fig.2.5. In order to do so, it uses an
auxiliary (also called peaking) transistor to modulate the impedance seen by the main (also
called carrier) transistor. The main and peaking transistors are operating in class B and
C, respectively.

10
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Figure 2.4: The schematic of conventional DPA combiner

Rayleigh PDF
Doherty
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> Vip

Figure 2.5: Comparison of the efficiency of class-B and Doherty PA

The characteristic impedance of the quarter-wave line that connects the drain of main
and peaking transistors, Z,, is equal to R, and the value of load impedance, Ry, is equal
to Ropt/2, where R,y is the optimum load impedance of the main transistor.

The drain current and voltage profiles of the main and peaking transistors are illustrated
in Fig.2.6. These figures are drawn for the case when the second efficiency peak occurs at
6 dB back-off of the peak power, because the peaking transistor turns on when the input
voltage is half of its maximum value.

11



Drain

Voltage
Main A Main
Peaking vy, Peaking
- Vin - Vin
Vin,max Vin,max

(a) (b)

Figure 2.6: The drain (a) current and (b) voltage profiles of the main and peaking tran-
sistors in Doherty amplifier

Fig.2.6(b) shows that the voltage excursion of the main transistor is maximized in the
upper half of the the input drive. Hence, it operates with its maximum efficiency in this
region. In order to maintain linearity while keeping this maximum swing, the peaking
current along with the quarter-wave inverter modulates the impedance seen by the drain
of the main transistor as depicted in Fig.2.7.

In the first half of the input drive, only the main transistor contributes to the output
power, while during the upper half the output power is a combination of the main and
peaking output powers. This has been illustrated in Fig.2.8.

2.3 Bandwidth Analysis of Conventional DPA

For now,is has been assumed that R, = R,y /2 regardless of frequency (i.e., an ideal
wideband real-to-real impedance transformer such as a tapered line with infinite length has
been used; see Fig.2.4(a)). With this assumption, R,, = real{Z,,} and X,,, = imag{Z,,}
versus frequency can be plotted for the conventional DPA combiner, where Z,, is the
impedance seen by the drain of the main transistor. It is also assumed that the transistors

12
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Figure 2.8: Contribution of the main and peaking transistors to the output power in
Doherty amplifier
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are ideal current sources, as depicted in Fig.2.9.

conventional
output
combiner

Figure 2.9: The conventional DPA output combiner with the transistors replaced with
current sources

Fig.2.10 shows the normalized R,, and X,, at peak power and 6 dB back-off for the
conventional DPA. It is important to note that since the load impedance is R, /2, these
plots are valid for any DPA regardless of the power level. In this figure,it has been assumed
that

e Q6 dB back-oft: I, =0

™

e @ peak power: |I,| = |I,,] & ¢, = —F * %, where f, is the center frequency (this
phase profile can be realized using a Wilkinson power divider with a quarter-wave
line at the input of the peaking transistor).

Assuming 5% variation in R, at back-off is acceptable within the bandwidth (this
translates to a 5% reduction in efficiency), Fig.2.10(a) shows that the bandwidth of the
conventional DPA is about 17%, irrespective of the value of R,,. However, in practice,
the larger output capacitances of the main and peaking transistors are more difficult to
absorb in the combiner at high power levels and usually higher power translates to lower
bandwidth. Fig.2.10(a) also illustrates that in a conventional DPA, as frequency deviates
from the center frequency, the 6 dB back-off efficiency falls, but the peak power efficiency
is constant versus frequency (if a Wilkinson divider has been used at the input).
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Figure 2.10: (a) R, and (b) X, of the conventional DPA output combiner at 6 dB back-off
from peak power

The real-to-real transformer of Fig.2.4(b) transforms the 502 load to R,,;/2 and usually
is a single-section quarter-wave transformer, a multi-section quarter-wave transformer, or
a tapered line. At low power levels, where the impedance transformation ratio (ITR)
is low (e.g., less than 4), the single-section quarter-wave transformer provides acceptable
bandwidth and is preferable due to its physical length being smaller than the tapered line.
Alternatively, at high power levels, where the I'TR is high, the bandwidth of the single-
section transformer limits the bandwidth of the amplifier and therefore using a double-
section transformer or a tapered line is preferred.

The response of the real-to-real transformer versus frequency has an important impact
on the performance of the conventional DPA. Here, the case where a single-section trans-

former has been used as the real-to-real impedance transformer is discussed as shown in
Fig.2.11.

It is important to note that any plot in this section is dependent on R,, and hence
on the power level, because the 50¢2 load is always constant and the performance of the
real-to-real transformer is a function of its ITR. Here, the plots for the typical case of
R,y = 3082 (which corresponds to a peak output power of 20 W with 28 V DC supply) are
illustrated.

Fig.2.12 shows the normalized R,, and X,, at peak power and 6 dB back-off for the

15
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Figure 2.11: The conventional DPA output combiner with single-section quarter-wave
transformer

conventional DPA with a single-section quarter-wave transformer for R, = 302. In this

case Z, = 30Q, Z; = V15 x50 = 27.5Q and ITR = 2% = 3.33. In this figure,it has been

Ropt
2

assumed that

e @6 dB back-oft: I, =0

e @ peak power: |Ip| = |I,| & ¢, = =7 * %

Assuming 5% variation in R,, at back-off is acceptable within the bandwidth, Fig.2.12(a)
shows that the bandwidth of the conventional DPA with a single section transformer is
about 9%, when R, = 30€2. This bandwidth can be increased to 17% using a tapered
line as has been shown in the previous part (although the physical length of a tapered line
is much larger than of a single-section transformer). Fig.2.12(a) also suggests that as the
frequency deviates from the center frequency, the efficiency at both 6 dB back-off and peak
power will decrease.

Finally, the schematic of a complete conventional DPA is illustrated in Fig.2.13. The
biases of the main and peaking transistors are applied either through large inductors (open
at AC) or through high-Z A\/4 lines, in order for the bias feeds not to affect the performance
of the amplifier at RF. Also, like most RFPAs, a set of grounding capacitances have by-
passed the supply node from low frequencies to operating frequency and at the harmonics.

16
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Figure 2.12: (a) R,, and (b) X, of the conventional DPA output combiner at 6 dB back-off

and peak power (a single section quarter-wave transformer is used to match 50€2 to %)

2.4 Literature Review on wideband DPA

As mentioned in the previous chapter, to address the limited back-off efficiency of RFPAs,
efficiency enhancement techniques such as Doherty [2] have been extensively investigated
in the literature. Traditional DPA design methods presented in the literature have been
band-limited (less than 10% fractional bandwidth) due to theoretical and practical issues
such as offset lines, the quarter-wave transformer, and transistor parasitics.

Several attempts to extend the traditional DPA to amplify multi-standard and multi-
band signals have been reported [3]-[20]. The approaches have mainly attempted to extend
the bandwidth of the DPA to incorporate multiple communication bands [3]-[19] or develop
a multi-band DPA architecture capable of operating at two discrete frequencies [20]. In this
work, the focus is on extending the bandwidth of the DPA to allow concurrent amplification
of multiple communication signals at multiple bands.

Most of the recent work attempting to extend the bandwidth of the DPA utilizes either
one or both of the following approaches: relying on a mixed-signal setup to allow the
separate adjustment of input amplitude and phase of the main and peaking transistor
across the bandwidth, or focusing on the output combiner to extend the bandwidth of the

DPA.
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The first approach, while capable of achieving excellent back-off efficiency and band-
width [7]-[9], [19] (e.g., the DPA in [9] maintains more than 50% drain efficiency at 6 dB
back-off for 40% fractional bandwidth), requires a more complicated mixed signal setup.
Furthermore, concurrent amplification of multi-band signals using such a DPA is more
complex and has not been presented in the literature.

In the second approach, the authors try to increase the bandwidth by modifying the
output combiner. For example, authors in [7] and [15] have replaced the quarter-wave
transformer with a lumped component model which alleviates the bandwidth limitation of
the DPA through absorption of the transistor’s parasitics. Also, new output combiners are
presented in [9], [12], and [13] which mitigates the bandwidth limitation of the traditional
two-way DPA for different power back-offs, however, this method requires two different
supply voltages for the main and peaking transistors which results in a high breakdown
voltage requirement for the peaking transistor.

The focus of two-way DPA has been on efficiency improvement for up to 6 dB back-off
range. For efficient amplification of higher PAPR signals, authors in [14] proposed a new
three-way DPA output combiner to extend the back-off range of the DPA to 9 dB while
maintaining high bandwidth.

The authors in [20] proposed a concurrent dual-band DPA for two wide-spacing frequencies
(i.e. 0.85 GHz and 2.33 GH~z). For doing so, they replaced all the components of DPA
with their dual-band versions (i.e. dual-band power divider, offset-line, and inverter).

Finally, Table 2.1 summarizes some of the works on wideband two-way DPA, which
provides a benchmark for comparison to what has been done in this thesis.
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Table 2.1: Summary of two-way DPA

Technology | Frequency (GHz) | Gain (dB) | Py (dBm) | e ¢5) min/max(%)
4]  GaN* 2.2-3 7 40.5 35/48
B GaN 3-3.6 10 43 38/43
[6] GaN 1.96-2.46 11 A1 40/46
[7]*  LDMOS™* 1.7-2.3 13 43 35/54
[*  GaN 1.96-2.46 13 43 40/54
0]*  GaN 1.6-2.4 9 42 50/60
2]  GaN 0.7-1 15.3 49.9 48/57
[16] GaN 1.5-2.14 11 43.8 34/48
17  GaN 1.7-2.25 49 53/65
18]  GaN 1.6-2.25 53 40/60

* Digital input setup has been used.
** GaN stands for Gallium Nitride.

“* LDMOS stands for Laterally Diffused Metal Oxide Semiconductor.
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Chapter 3

Bandwidth Extension of DPA

3.1 New Approach for Bandwidth Extension of DPA

Fig.3.1 depicts the load variation of the main and peaking transistors versus the normalized
input voltage at the center frequency of a conventional DPA. This load modulation profile
garantees the perfect linearity and Doherty efficiency. But, as discussed in the previous
chapter, as the frequency deviates from the center frequency, because of the dispersive
behaviour of the inverter, the impedances drop and therefore the conventional DPA is nar-
rowband. Therefore, In a wideband DPA one needs to maintain the same load modulation
profile of Fig.3.1 over a wide bandwidth.

Fig.3.1 depicts a general DPA in which the main and peaking transistors have been
replaced with ideal current sources. In a wideband DPA, Ry (w), X.(w), and ¢(w) are
needed to be fined for the following criteria to be satisfied over a wide frequency range
(however not larger than one octave due to the short circuited harmonic requirement of
main amplifier which operates in class B),

e At 6 dB back-off (I, =0): R,, = 2Rppt, X =0
o At peak power (|I,| = |I,4]): Rim = Ropt, X =0

o At peak power (|1,| = |In|): Ry = Ropt; X, =0

where ¢ can be any (even non-linear) function of w and Sj; can be any lossless passive
network.
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At frequencies where R, < 2R, at back-off and R,, < R, at peak power, the
efficiency will be lower than that of the ideal case. Frequencies where mag(Z,,) > 2R
(R > 2R, if X, is sufficiently small) at back-off or mag(Z,,) > Ropt (Rm > Ropt if X
is small) at peak power are not acceptable because the amplifier will not be linearizable
at those frequencies. Although in practice, due to the presence of the harmonics and soft
transition to the knee region, R,, can be a few percent larger than the optimal value.
Furthermore, X, needs to be as small as possible (ideally zero) with respect to R, versus
frequency and input power, although relatively small reactance values are tolerable.

Regarding Fig.3.1, at 6 d B back-off:

R+ j X1 + jRoptan(0)

ZBO — RO * 3.1
mn P! Ropt + ](RL + jXL)tCLTl(G) ( )
REC = real(Z5°) = 2R, (3.2)
XBO — imag(ZE9) =0 (3.3)
and at peak power:
cos(0) + iBoptsin(0)
o= (( IS0 R;JSF(JG))(L (cos(0)Zp + 1) | — jRopmsin(0) Ly (3.4)
Ropt Rp+jXL

REP = real(ZEF) = Ry (3.5)
XPP —imag(ZE) =0 (3.6)

pp _ (1£ =)+ cos(0)
ZP T jsin(0) cos(6) (37)

Ropt RL+]XL

RII)DP = ?"eal(Z]fP) = Ropt (38)
XP =imag(Z") =0 (3.9)

Equations 3.2,3.3,3.5,3.6,3.8, and 3.9 constitute a set of six equations with three un-
knowns (Ry, X, and ¢). Since in a DPA, small values of X, and X, are tolerable, only
the criteria on the real parts (equations 3.2, 3.5, and 3.8) need to be considered. Solving
for Ry, X1, and ¢ in equations 3.2, 3.5, and 3.8 results in:

0= —?ﬁ% (fi) (3.10)
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Figure 3.3: (a) Solution of 3.2, 3.5, and 3.8, (b) Load variation versus frequency at peak
power and back-off corresponding to the solution of 3.2, 3.5, and 3.8

also, Ry, and X along with the corresponding REC XBO RPP xPP RZfP, and X;P are
shown in Fig.3.3(a) and Fig.3.3(b), respectively.

It is important to note that although 3.10 is the solution of 3.2, 3.5, and 3.8, this phase
profile is not easily realizable. therefore, 3.2 and 3.5 for the following three phase profiles,
which are close to the 3.10 and at the same time are easy to realize, will be solved.

o p=—7 <%> ,this phase profile can be realized using a Wilkinson divider with a
quarter-wave line at the input of the peaking transistor. For this case, the Ry and

X, along with the corresponding R
in Fig.3.4(a) and Fig.3.4(b), respectively.

BO
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e ¢ = —7 ,this phase profile can be realized using a 90-degree hybrid. For this case,
the Ry, and X, along with the corresponding R2¢ XBO RPP XIPP R;P, and X;P
are shown in Fig.3.5(a) and Fig.3.5(b), respectively.
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e p=-—-T+73 (%) , this phase profile can be realized using a 180-degree hybrid with
a quarter-wave line at the input of the main transistor. For this case, the R; and
X}, along with the corresponding REC, XBO RPP X PP R; P and X;D P are shown
in Fig.3.6(a) and Fig.3.6(b), respectively.
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Figure 3.6: (a) Solution of 3.2, 3.5, when ¢ = —7 + ¢ <%>, (b) Load variation versus
frequency at peak power and back-off corresponding to the solution of 3.2, 3.5, when

p=+i(%)

Among the above cases, ¢ = =7 and p = -+ § <£) result in load variations versus
frequency that are close to the case where ¢ = —% + % (%), but since ¢ = —7 is simply

realizable using a 90-degree hybrid it is preferable.

After finding the proper value for Z;, = R + j X, which is depicted in Fig.3.5(a), the
impedance must be synthesized. When doing this, there are two issues to consider:

e Bias and baseband impedance

e Parasitic absorption

In the next two sections, two topologies that realize the proper Z; and satisfy the above
criteria have been proposed.
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3.2 Broadband DPA using New TL-based Combiner
Network

The purpose of this chapter is to propose a Doherty combiner that can realize the Z of
Fig.3.5(a) over as wide band as possible. Fig.3.7(a) illustrates the schematic of the first
proposed combiner, where the 502 load is usually transformed to R via a real-to-real
impedance transformer, as illustrated in Fig.3.7(b).

main | | .
first first

__l A Lsar proposed ] proposed
5 %@to : output | . | |»4@t, i~ output
= e combiner L Zy combiner

real to real

H—

H—

peaking '
. peaking : — transformer [
I M};@f" __I_ AA@f,
= = = | Z
: :‘I=-- : : _'=|'_ :
(a) The load impedance is equal to Ry, (b) A real-to-real impedance transformer trans-

forms 5092 to Ry,

Figure 3.7: The first proposed Doherty combiner

As shown in Fig.3.7(b), the first proposed combiner adds a quarter-wave short-circuited
stub to the output of the peaking transistor. As will be discussed, the characteristic
impedance of this stub, Z,, has a critical impact on the performance of the proposed DPA.

In both the conventional and the proposed DPA combiners, the values of R, and Z, are
equal to R,,:/2 and 2R, (when the second efficiency peak occurs at 6 dB back-off from the
peak output power), respectively. Therefore, at the center frequency the performances of
the proposed and conventional DPAs are identical; the difference being their performance
across the bandwidth which is determined by Zs.

The value of R,,; and hence R depends on the output power of the amplifier. Since
the load value usually is equal to 50¢2, a matching network is needed to transform 50{2 to
R, = R,,t/2. For now, is is assumed that Ry = R, /2 irrespective of frequency (i.e., an

27



extremely wide-band real-to-real impedance transformer such as a tapered line with infinite
length has been used). With this assumption, R,, = real(Z,,) and X,, = imag(Z,,) versus
frequency for the proposed Doherty combiner can be plotted, where Z,, is the impedance
seen by the drain of the main transistor. It is also assumed that the transistors are ideal
current sources, as depicted in Fig.3.8.

first
proposed
output
combiner

Ma@t,

IPAPPC) SRy

Figure 3.8: The first proposed Doherty combiner with the transistors replaced by current
sources

Fig.3.9 and Fig.3.10 show the normalized R,, and X,, at peak power and 6 dB back-
off for the proposed DPA for two different values of Z, = %Ropt and Z, = gRopt. It is
important to note that since the load impedance is R, /2, these plots are valid for any

DPA regardless of the power level.

As can be seen from Fig.3.9, if Z, = %Ropt, then for R, at back-off (I, = 0) at the
center frequency:

. 2 OR,, O0°R,,
Zf ZQ = gRopt then, 8_f = a—fZ =0 Q@ back — Off (311)
However, in the conventional DPA, the second order derivative is non-zero. So, Z, = %Ropt

results in a flat R, versus frequency at back-off.
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Figure 3.9: The first proposed Doherty combiner with Z, = %Ropt

Assuming that 5% variation in R,, at back-off is acceptable within the bandwidth,
Fig.3.9(a) shows that the bandwidth of the proposed Doherty is about 49%, irrespective
of the value of R,,. But, as mentioned earlier, since the value of normalized R, at peak
power is larger than 1, the value of Z5 is not useful due to linearity issues. Although R,,
can be a few percent (e.g., 3%) larger than R,, at peak power as the transition to knee
region is not abrupt, the result is more than 20% larger which is not acceptable. Therefore,
it is needed to find a value for Z, which makes R,, flat versus frequency at peak power.
Setting Z = gRopt, then for R,, at peak power (I, = I,,Z —90) at the center frequency:

OR,, "R,

of " o =0 @ peak power (3.12)

6
Zf Z2 = SROPt then,
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Figure 3.10: The first proposed Doherty combiner with 7, = gRopt

Again, assuming a 5% variation in R,, at back-off is acceptable within the bandwidth,
Fig.3.10(a) shows that the bandwidth of the proposed Doherty is about 25%, irrespective of
the value of R,,;. In this case, R,, at peak power is flat versus frequency, so the bandwidth
of the amplifier is improved without compromising the linearity.

For purposes of comparison, Fig.3.11(a) shows R,, at 6 dB back-off and peak power for
Zy = 2/3R,pt, Rypt ;and 6/5R,pt. Fig.3.11(b) illustrates R, at 6 dB back-off for both a
conventional DPA and the proposed DPA with Z5 = gRopt.

As will be discussed in the section on baseband impedance, it is important to make Zs
as small as possible. To achieve this, Fig.3.11(a) suggests that one can start with a slightly
smaller value for R, and optimize Z, for bandwidth, as we are ultimately interested in
small variations in R,, rather than zero derivatives across the band, since the percentage
variation of R,, across the band is equal to the percentage variation of the efficiency.

3.2.1 Group Delay

Group delay is relevant to examine in the content of wideband signal amplification. Its
variation in the conventional and proposed DPA will be reviewed.

e Group delay: 7= —j—z
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Figure 3.11: (a) R, versus frequency for different values of Z, in the first proposed Doherty,
(b) R,, at 6 dB back-off in the proposed and conventional DPA

e Group delay variation (dissipation): Dy = -5

Fig.3.12 shows the phase of the output voltage, the normalized group delay (— f, * Cfi—?),
and normalized group delay dissipation (f2 * ZZT%’) of the conventional and proposed DPA

versus frequency at three different power levels:

e v;, = 0.5 (i.e., 6 dB back-off)
e v;, =0.75 (i.e., 2.5 dB back-off)

e v;,, =1 (i.e., peak power)

Fig.3.12 reveals two important points. First, the phase depends on the power level as
the frequency deviate from the center frequency in both cases. This AM/PM is inherent to
DPA operation and exists even if all of the components in the amplifier are ideally linear.
Second, and more importantly, the group delay dissipation of the proposed DPA is smaller
than that of the conventional DPA (more than 5 times). This feature, along with the low
baseband impedance level of the proposed DPA (discussed in the next section), makes it
suitable for amplification of wideband signals.
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3.2.2 Baseband Impedance

In a conventional DPA, the bias of the main and peaking transistors are applied either
through a large inductor (open at AC) or through a high-Z \/4 lines as depicted in Fig.3.13.
Most RFPAs include a set of grounding capacitances bypassing the supply node from low
frequencies to operating frequency and at the harmonics.

i —

|||_”_ Vo Vbb _“_"I
I —r—

high—2Z high—-Z

— —

main | DCblock DCblock | peaking

Figure 3.13: Applying bias voltage in a conventional DPA

The bias feeds are high-Z so that they will not affect the AC operation of the amplifier.
Due to the presence of the DC block capacitors and large inductance of the high-Z lines,
usually one (or even more) resonance occurs at the baseband impedance. This has a
negative impact when the amplifier is concurrently amplifying multi-band signals as it
results in significant bias supply modulation and degrades the linearity of the amplifier[21].

In the new combiner, the bias of the main and peaking transistors can be applied
through the parallel low-Z stub (Z3) as depicted in Fig.3.14. This provides low low-
frequency impedance to the drain of the main and peaking transistors, which helps avoid
bias supply modulation and improves the linearity and linearizability of the amplifier
when it is driven with concurrent multi-band modulated signals. Fig.3.15(a) illustrates
the mag{Z,,} from DC to {=BW for the case where Z, = gRopt. Fig.3.15(b) compares the
typical baseband impedance of the conventional and proposed Doherty.
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Figure 3.14: Applying bias voltage through the parallel A\/4 stub
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Figure 3.15: (a) The normalized baseband impedance seen by the drain of main and

peaking transistor (Z, = gRopt), (b) Typical baseband impedance for the conventional and

the proposed DPA

As can be seen, mag{Z,,} is small for baseband frequencies up to the bandwidth of
the amplifier. Also, the impedance seen by the peaking device is smaller than the main
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device since it is connected to ground through a single low-Z A/4 line. In the real case,
after the absorption of the main and peaking transistors’ output capacitances, one usually
will end up with lines whose lengths are smaller than 90 degrees and this, in turn, will
result in even lower baseband impedance. In the next few sections, it will be shown how
using different real-to-real transformers can further decrease the baseband impedance.

3.2.3 Parasitic Absorption

Another important benefit of the proposed combiner is that the parasitic capacitance of the
peaking transistor can be easily absorbed in the parallel low-Z stub without compromising
the bandwidth.

3.2.4 Real-to-Real Impedance Transformer

As mentioned earlier, the real-to-real transformer of Fig.3.7(b) transforms the 502 load to
Ropi/2 and usually is a single-section quarter-wave transformer, a multi-section quarter-
wave transformer, or a tapered line. The response of the real-to-real transformer versus
frequency has an important impact on the performance of the proposed DPA, because it
is part of the Sy, network in Fig.3.1 and can be designed to shape the Z profile versus
frequency, as will be discussed in detail below.

The first case to consider is when a single-section transformer is used as the real-to-real
impedance transformer as shown in Fig.3.16.

It is important to note that any plot in this section is dependent on R,, and hence
on the power level, because the 502 load remains constant and the performance of the
real-to-real transformer is a function of its I'TR. Here, some plots for the typical case of
R,y = 309 (which corresponds to peak output power of 20 W with 28 V DC supply) are
illustrated.

Fig. 18 shows R,, and X,, of the proposed combiner at back-off and peak power versus
frequency where R,,; = 30€2. In this case Z, = 3082, Z; = v/15 % 5082, and Zy = 7.62. In
this figure, it is assumed that:

e @6 dB back-off: I, =0

e @ peak power: |I| = |I,| & ¢, =—7F
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Figure 3.16: The first proposed DPA output combiner with single-section quarter-wave
transformer
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Figure 3.17: (a) R,, and (b) X,, of the proposed DPA output combiner at 6 dB back-off

of peak power (a single section quarter-wave transformer is used to match 502 to %)

In this case, R, is equal to 2R, at the center frequency. As the frequency deviate from
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the center, R, falls until it reaches a local minimum and then increases. The value of Z,
has been chosen such that Real {Z,,} varies by 5% across the bandwidth. It is important
to note that the ideal Doherty operation occurs only at the center frequency where the load
varies from 6052 at back-off to 302 at peak power. At frequencies where Real {Z,,} < 602
at back-off and Real {Z,,} < 3012 at peak power the efficiency will be lower than that of the
center frequency. Frequencies where mag{Z,,} > 60 (real (Z,,) > 6082 if X, is small)
at back-off or mag {Z,,} > 30Q (real (Z,,) > 30Q if X,, is small) at peak power are not
acceptable because the amplifier will not be linearizable at these frequencies (although in
reality, because the transition to the knee region is not abrupt, such values as 31€) or 322
are still acceptable). Fig.3.17 shows that for the case where R,, = 30f2, the bandwidth
is about 34% where 5% variation is maintained across the band, which is significantly
larger than the bandwidth of the conventional DPA. In fact, the value of Z, as a degree of
freedom, can be calculated or optimized to make a compromise between the bandwidth of
DPA and the variation of Real {Z,,} across the band. By applying the following criteria
at back-off, one can calculate the value of Z, for % variation in R,,.

(real(Zn(f)) _
2Ropm — Real(Zy(f2))
T — (3.14)

Here, f. is the frequency of the local minimum.

Fig.3.18 shows the Re(Z,,) of the proposed combiner at back-off and peak power versus
frequency where R,,; = 3092. In this case Z, = 309, Z; = V15 % 508, Zy = 7.6Q2 (x = 5%),
and Zy = 8.4Q (x = 10%). As previously discussed, the bandwidth can be increased at
the cost of increasing the performance variation across the band.

Fig.3.18 shows that the value of Z; as a degree of freedom can be optimized to either
increase the bandwidth at the cost of larger performance variation across the band, or
minimize the performance variation across the band for a smaller bandwidth.

For easier comparison, Fig.3.19(a) illustrates the Re(Z,,) at back-off and peak power
versus frequency for the conventional and proposed combiners (z = 5%) for R, = 3012.
This figure shows that adding the parallel stub from the drain of the peaking transistor
to ground results in significant improvement in the bandwidth. The load modulation and
efficiency for the two cases is also illustrated in Fig.3.19(b), Fig.3.19(c), Fig.3.19(d), and
Fig.3.19(e).

The value of Z5 used in this case was 7.6 which is much lower than the case where a
tapered line was used as the real-to-real transformer (in that case, Zy = 6/5 % R, = 36¢2).
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Figure 3.18: R,, of the proposed DPA output combiner at back-off and peak power versus
frequency for two different values of Z,

This in turn results in lower baseband impedance for the same power level, as illustrated
in Fig.3.20.

As mentioned at the beginning of this section, since the 50€2 load is constant, the ITR
increases as the power level increases and the optimum value of Z5 is not a straightforward
function of R,,. Fig.3.21 depicts the optimum value of Z, as function of R, for the case
where 2 = 5%.

At high power levels (low R, ), with a single section transformer, the value of Z, will
be too low and is not feasible to implement. In this case, a tapered line can be used as the
real-to-real transformer and Z, will be larger.

The blue curve in Fig.3.21 represents the case where an N-section quarter-wave trans-
former with a large N has been used. The red curve is for the case of N = 1. The optimum
value of Zy for the case of N = 2,3,... will be somewhere in between the two curves (as
N increases, so does Z3).

In the case of N = 2, the characteristic impedance of one of the quarter-wane lines in
the real-to-real transformer (e.g. Z3) is also a degree of freedom and can be optimized for
the bandwidth. In this case a good strategy is to set Zs equal to the minimum realizable
value and optimize Z3 for bandwidth, since for the sake of baseband impedance the lowest
(feasible) value of Z, is preferable.
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Also, at medium to high power levels where the value of Z5 is too low with a single
section transformer, the use of a double-section or triple-section transformer is preferable
to a tapered line (if that results in a reasonable value for Z3) because of the large physical
size of tapered lines.

Finally, the schematic of the complete first proposed DPA is illustrated in Fig.3.22.

e first
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| ra@f, OUtp_Ut
50Q x0.5 -~ = Z, combiner
B Py DCblock
x0.5 >~ real to real _|
V. peaking ’—> transformer
s 90° — hybrid
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—
— I
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Figure 3.22: Complete schematic of the first proposed Doherty amplifier

3.3 Broadband DPA using New Combiner Network
with Discrete Resonator

A short-circuited quarter-wave stub is a resonator, whose behaviour around the center
frequency can be approximated by a parallel LC tank, as depicted in Fig.3.23.

So, in the second proposed combiner the short-circuited quarter-wave stub can be re-
placed with its equivalent LC tank, illustrated in Fig.3.24. As a result the bandwidth
will be improved compared to the conventional DPA. It also results in lower group delay
dissipation. The output capacitance of the peaking device can be easily absorbed in Cj.
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Figure 3.23: Short-circuited quarter-wave stub as a resonator

Finally, the inductor L, can be used as the biasing feed of the main and peaking transistors
as depicted in Fig.3.25 and this again results in low low-frequency impedance.

second
: proposed
MA@, | — output
Zy combiner
i realtoreal |
peaking| — transformer [
J__ Ry s
| :I:Ct Lt
i N—
tuned @ f,,

Figure 3.24: Second proposed output combiner

The parallel LC tank and a short-circuited quarter-wave stub are equivalent around
the center frequency, but their behaviour is different at the harmonics. Assuming that
the capacitor C; is large enough, the LC tank is effectively short circuited at all of the
harmonics while the quarter-wave stub is short at even and is open at odd harmonic. So,
the impedance seen by the main transistor at second harmonic is a short circuit and at third
harmonic is an open circuit due to the presence of a quarter-wave line between the main
transistor and the LC tank. This makes the main amplifier operate in class F mode[22].
So, the design equations which are conventionally developed for a class B-C Doherty have
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Figure 3.25: Applying bias voltage through the tank inductor L;

to be modified for a class F-C Doherty.

71 (fo) = Ry (3.15)
71, (2kf,) = 0 (3.16)
Zi((2k+1)f,) =0 (3.17)

Comparing a DPA with its main stage operating in ideal class-F with the conventional
DPA whose main stage is in class-B, one can conclude that,

4
vE = _yB (3.18)
T
where V,,, is the magnitude of the fundamental drain voltage of the main transistor, and

F and B superscripts represent class-F and B quantities, respectively. Subsequently, the
peak output power of the main stage of the two DPA structures can be written as

1

Pofit,M = 51/515 (3.19)
1

Pf;tM = §VA§1§; (3.20)

Assuming that the output power of the two cases are equal, one can deduce the relation
between the required fundamental voltage and current components of the class-F DPA at
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peak power in terms of those of the class-B DPA:

4 4
Vir = - = ;(‘/;id - Vi) (3.21)
5 = %15 (3.22)

where V,; and V, denote the drain supply voltage and the transistor knee voltage, respec-
tively. In other words, the maximum current provided by the main class-F PA has to scale
down by a factor of 7 = 0.875 for the same output power. Therefore, the optimum load
impedance of the class-F main transistor at full power can be calculated as

VE 4\
RE = M — (;) RZ, (3.23)

opt — T1F
IM

Our ultimate goal is to determine the class-F DPA circuit parameters, Zp and Ry. The
output voltage swing of the peaking transistor, Vp, or equivalently the voltage across the
load, V7, is related to the current of the main device through the traditional quarter-wave
line impedance inverter:

Ve, =VE = Z,I}, (3.24)

where V£ is the magnitude of the fundamental drain voltage of the peaking transistor
for the DPA whose main stage operates in class-F mode. It is assumed that the peaking
transistor is an ideal class-C PA, with no harmonic tuning, unlike the main PA. In other
words, at maximum power V£ = VF = Vg — Vi.. Consequently, Z, can be calculated by
evaluating (10) at the peak power as in,

Via — Vi
Z, = % (3.25)
M
or 4
™
Zo = —Rop = 7 Bopi (3.26)

For proper Doherty operation, we should look at the modulation of the impedance of
the main transistor by the peaking current. This can be easily done by evaluating the
main impedance at two power points: 6 dB power back-off where the first efficiency peak
occurs and at peak power. At 6 dB back-off, where the peaking transistor is still off:

F Z2

Zm,BO = Rz = 2R5pt

(3.27)
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In fact, 3.27 ensures that the main transistor has a maximum voltage swing and effi-
ciency when the input drive is half of its peak value, equivalent to 6 dB input back-off.
Substituting 3.23 in 3.27, one can determine the new load resistance, R, in terms of the
optimum load impedance of the class-B main PA as follows:

RB
R, =2 (3.28)

2
which is the exact same value as in a conventional class-B DPA. This means that the
output transformer for matching the standard 50€) does not need to be changed compared
to the conventional case. At peak power, the impedance of the main device must reduce

to Ropt by proper action of the peaking device:
Z, 1IE
zh . =2, ( R ]F) R., (3.29)

Therefore, the ratio of the current from the peaking device to that of the main device
at peak power, is determined to be

4
15 =218 (3.30)
s
or 4
IE=—I1t =18 =1} (3.31)
s

As a matter of fact, both the voltage and current swings of the peaking device remain
unchanged, and so does the peaking optimum load impedance. Hence, one can calcu-
late the impedance seen by the main and peaking transistors when the main device is a
harmonically-tuned class-F amplifier as a function of the voltage drive as follows:

Zonlvim) = 4 (%2) By 0<vin<05 )
(%) Opt/vln7 0 5 < Uzn < 1
o0, 0 < <05
Zp(vin> = { 1RBt vm05 0 5 < v < 1 (333)
OPl Uiy, — ) . n

Fig.3.26 displays the main and peaking impedance profiles versus normalized voltage
drive. As can be observed, unlike the class-B DPA | the impedance of the main and peaking
transistors are no longer equal at the peak point.
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Figure 3.26: Load modulation versus normalized input voltage

The next step is to calculate the required power division ratio between the main and
peaking transistors. Assuming a constant g,, for the transistors for simplicity:

VB IB 7
inm _ m o 2 3.34
Vi, Ih .
Consequently,
Vi = Vit (3.35)
F B
Ving = Vinp (3.36)

Therefore, the input power ratio of the main and peaking amplifiers can be expressed as

2

T
nm = Tg 3l (3.37)
. 16 AN
Pin,p = 16 + 72 P’Ln = ; Pin,m (338)

In other words, unlike the conventional class-B DPA | the power has to be unevenly split
between the two transistors, with a ratio of 62% to 38% in favour of the peaking device,
assuming similar gains for the two cells. Therefore, a new input power divider must be

designed for the desired division ratio. The drawback would be a decreased gain of about
1.2 dB.

Finally, a complete schematic of the second proposed DPA is illustrated in Fig.3.27.
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Figure 3.27: Complete schematic of the second proposed DPA
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Chapter 4

Measurement Results

4.1 Fabricated Amplifier Based on the First Proposed
Combiner

In order to validate the first proposed output combiner, a 20WW wideband DPA was designed
and fabricated using 10 W and 25 W GaN HEMT Cree packaged devices for the main
and peaking transistors, respectively, as shown in Fig. 4.1. At the design power level |
the characteristic impedance of the resonator is chosen equal to 7€) to make the back-off
impedance flat versus frequency. The same line has also been used as the biasing feed for
the main and peaking transistors.

To assess the performance of the fabricated DPA, efficiency and gain versus output
power at different frequencies was measured with continuous wave (CW) signals. Fig. 4.2
and 4.3 show the measured gain and efficiency of the DPA at different frequencies in the
band. As Fig. 4.3 illustrates, the DPA maintains good efficiency across the entire band
which supports the theoretically predicted behavior of the proposed Doherty configuration.
Fig. 4.4 illustrates the efficiency of the PA at peak output power and 6dB and 10dB back-
off versus frequency. it can be seen that the proposed DPA maintains more than 49%
efficiency at 6 dB back-off from 1.72 GHz to 2.27 GHz, corresponding to 28% fractional
bandwidth.

The linearity and linearizability of the proposed DPA was validated using single-band
and dual-band modulated signals. The amplifier was linearizable under WCDMA and LTE
single- and dual-band modulated signal excitations. Fig. 4.5 shows the measured spectrum
of the DPA, before and after linearization, when the amplifier was excited with a 20 M H z
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Figure 4.2: Measured CW gain versus output power for the proposed DPA.
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Figure 4.3: Measured CW efficiency versus output power for the proposed DPA.
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WCDMA signal at 1.8 GHz, 2GHz, and 2.2 GHz. The amplifier achieved 52 d B adjacent
channel leakage ratio at an average output power of 36.9 dBm and exhibited an average

drain efficiency of 53% at 1.8 GHz, 55% at 2 GH z, and 48% at 2.2 GHz, with a PAPR of
7.14dB.
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Figure 4.5: Measured spectrum of the output of the first proposed DPA before and after

linearization when driven with four-carrier WCDMA signal at (a) 1.8 GHz, (b) 2 GHz,
and (c) 2.2 GHz.

Fig. 4.6 shows the measured spectrum of the DPA, before and after linearization, when
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the amplifier was excited with a 80 M H z signal at 2 GHz. The amplifier achieved 48 d B
adjacent channel leakage ratio at an average output power of 32.7 dBm and exhibited an
average drain efficiency of 35% , with a PAPR of 10.25 dB.
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Figure 4.6: Measured spectrum of the output of the first proposed DPA before and after
linearization when driven with 80 M H z modulated signal.

Fig. 4.7 shows the measured spectrum of the DPA, before and after linearization, when
the amplifier was concurrently excited with 15 M Hz WCDMA (101) and 15 M Hz LTE
signals at 1750 M Hz and 2250 M H z respectively. The linearization was conducted using
a dual-band base-band equivalent Volterra based digital pre-distortion. The amplifier
achieved 52 dB and 51 dB adjacent channel leakage ratio for the two bands at an average
output power of 33.6 dBm and exhibited an average drain efficiency of 36% , with a
combined PAPR of 9.4 dB.
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Figure 4.7: Measured spectrum of the output of the first proposed DPA before and after
linearization when driven with dual-band modulated signal.

4.2 Fabricated Amplifier Based on the Second Pro-
posed Combiner

In order to validate the second proposed output combiner, a 20 W wideband DPA was
designed and fabricated using 10 W and 25 W GaN HEMT Cree packaged devices for the
main and peaking transistors, respectively, as shown in Fig. 4.8. The design parameter
values are presented in Table 4.1. At the design power level and frequency, the resonance
tank inductance and capacitance have been chosen equal to 1.9nH and 19 pF' to make the
back-off impedance flat versus frequency. The resonance inductor, L;, was realized using a

short transmission line which was also used as the biasing feed for the main and peaking
transistors.

To assess the performance of the fabricated DPA, efficiency and gain versus output
power at different frequencies was measured with continuous wave (CW) signals. Fig. 4.9
and 4.10 show the measured gain and efficiency of the DPA at different frequencies in the
band. As Fig. 4.10 illustrates, the DPA maintains good efficiency across the entire band
which supports the theoretically predicted behavior of the proposed Doherty configuration.
Fig. 4.11 illustrates the efficiency of the PA at peak output power and 6 dB and 10 dB
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Table 4.1: Summary of the design parameters of the second proposed DPA

Design Parameter Expression Value
RE, (4)* RE, 48.6 Q2
Zo ARE, = %RE, 38 Q2
Ry % 150
Ph = Pin 0.38P,
P iz P = (2)" Pl | 0.62P

Figure 4.8: Fabricated amplifier based on the proposed combiner
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back-off versus frequency. it can be seen that the proposed DPA maintains more than 48%
efficiency at 6 dB back-off from 700 M Hz to 950 M H z, corresponding to 30% fractional
bandwidth.
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Figure 4.9: Measured CW gain versus output power for the proposed DPA.
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Figure 4.10: Measured CW efficiency versus output power for the proposed DPA.

The linearity and linearizability of the proposed DPA was validated using single-band
and dual-band modulated signals. The amplifier was linearizable under WCDMA and
LTE single- and dual-band modulated signal excitations. Fig. 4.12 shows the measured
spectrum of the DPA, before and after linearization, when the amplifier was excited with a
40 M H z signal at 825 M Hz. The amplifier achieved 48 d B adjacent channel leakage ratio
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Figure 4.11: Measured efficiency at peak output power and 6-dB and 10-dB back-off for
the proposed DPA versus frequency.

at an average output power of 34.5 dBm and exhibited an average power added efficiency

of 46% , with a combined PAPR of 8.45 dB.

Fig. 4.13 shows the measured spectrum of the DPA, before and after linearization,
when the amplifier was concurrently excited with 15 M Hz WCDMA (101) and 15 M Hz
LTE signals at 750 M Hz and 900 M H z respectively. The linearization was conducted
using a dual-band base-band equivalent Volterra based digital pre-distortion. Twenty-five
coefficients were used in each band. The amplifier achieved 50 dB and 48 dB adjacent
channel leakage ratio for the two bands at an average output power of 33.5 dBm and
exhibited an average power added efficiency of 42% , with a combined PAPR of 9.4 dB.
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Figure 4.12: Measured spectrum of the output of the second proposed DPA before and
after linearization when driven with 40 M Hz modulated signal.
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Figure 4.13: Measured spectrum of the output of the second proposed DPA before and
after linearization when driven with dual-band modulated signal.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

This thesis tried to address some of the challenges that future power amplifiers are facing,
specifically the high PAPR of signals and carrier aggregation. The thesis started with
a brief overview of conventional classes of operation of RFPAs and introduced different
figures of merit. Then, chapter two explained the key idea behind the Doherty operation.
After that, it moved to the bandwidth analysis of the conventional DPA. Finally, chapter
two ended with literature review on wideband DPAs.

In chapter three, the new perspective from which we looked at the wideband DPA
problem has been explained. Deriving the governing equations, it was shown how this
problem can be converted into an impedance synthesization problem. Then, two networks
to realize the desired impedances were proposed. In doing so, we were also careful about the
baseband impedance and it was explained why it is important to maintain low baseband
impedance, especially when dealing with carrier aggregated signals.

The new combiners will have the following beneficial impacts on the performance of
the DPA:

e improved bandwidth
e improved baseband impedance
e improved group delay dissipation

e case of parasitic absorption
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Theoretically, the efficiency of the second proposed DPA is larger than that of the first
(2 times), but its gain is smaller (I times = —1.2 dB).

Two GaN DPAs were fabricated based on the proposed combiners. The measurement
results have been provided to validate the developed theory. The first amplifier covers
1.72 GHz to 2.27 GHz and the second one covers 700 M Hz to 950 M Hz and both
maintain higher than 48% of drain efficiency at 6 dB back-off across the band. The
two amplifiers are successfully linearized when driven with extra wideband and multiband
carrier aggregated modulated signals.

The Table 5.1 compares the two fabricated PAs of this work with some of the references:

Table 5.1: Performance comparison

Technology | Frequency (GHz) | Gain (dB) | P,y (dBm) | 1 an)
min/max (%)
[1] GaN 2.2-3 (31%) 7 40.5 35/48
[5] GaN 3-3.6 (18%) 10 43 38/43
[6] GaN 1.96-2.46 (23%) 11 41 40/46
[12] GaN 0.7-1 (35%) 15.3 49.9 48/57
[16] GaN 1.5-2.14 (34%) 11 43.8 34/48
[17] GaN 1.7-2.25 (28%) 49 53/65
[18] GaN 1.6-2.25 (34%) 53 40/60
PA 1*  GaN |1.72-2.27 (28%) | 9.5 43 49/53
PA 2°  GaN | 0.7-0.95 (30%) 14 43 48/59

* Capable of concurrently amplifying carrier aggregated signals.
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5.2 Future Work

As future work, one can try the Laterally Diffused MOS (LDMOS) based DPAs with
the proposed combiners to validate the effectiveness of the new approach with LDMOS
transistors as well. Especially for the applications that are targeting higher power at lower
frequency bands.

Another possibility is to try to find new networks to realize the desired impedance
(e.g. using the simplified real frequency technique (SRFT)) and compare the properties of
different networks in terms of bandwidth, efficiency and linearity. This might help to find
DPAs in which the main and auxiliary transistors are operating at different classes than
the conventional class B-C (e.g. in the second proposed combiner the main transistor is
operating at class-F which resulted in higher back-off efficiency when the auxiliary transis-
tor is off). In this view, finding a DPA whose main (and auxiliary) are operating at class-J
would be valuable.
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