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Abstract

With the growth of smart-phones, the demand for more broadband, data-centric tech-
nologies are being driven higher. As mobile operators worldwide plan and deploy 4t genera-
tion (4G) networks such as LTE to support the relentless growth in mobile data demand, the
need for strategically positioned pico-sized cellular base stations known as ‘pico-cells’ are
gaining traction. In addition to having to design a transceiver in a much compact footprint,
pico-cells must still face the technical challenges presented by the new 4G systems, such as
reduced power consumptions and linear amplification of the signals.

The RF power amplifier (PA) that amplifies the output signals of 4G pico-cell systems face
challenges to minimize size, achieve high average efficiencies and broader bandwidths while
maintaining linearity and operating at higher frequencies. 4G standards as LTE use non-
constant envelope modulation techniques with high peak to average ratios. Power amplifiers
implemented in such applications are forced to operate at a backed off region from satura-
tion. Therefore, in order to reduce power consumption, a design of a high efficiency PA that
can maintain the efficiency for a wider range of radio frequency signals is required.

The primary focus of this thesis is to enhance the efficiency of a compact RF amplifier suita-
ble for a 4G pico-cell base station. For this aim, an integrated two way Doherty amplifier de-
sign in a compact 10x11.5mm? monolithic microwave integrated circuit using GaN device
technology is presented. Using non-linear GaN HFETs models, the design achieves high effi-
ciencies of over 50% at both back-off and peak power regions without compromising on the
stringent linearity requirements of 4G LTE standards. This demonstrates a 1 7% increase in
power added efficiency at 6 dB back off from peak power compared to conventional Class
AB amplifier performance. Performance optimization techniques to select between high effi-
ciency and high linearity operation are also presented.

Overall, this thesis demonstrates the feasibility of an integrated HFET Doherty amplifier for
LTE band 7 which entails the frequencies from 2.62-2.69GHz. The realization of the layout

and various issues related to the PA design is discussed and attempted to be solved.
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Chapter 1 Introduction

1.1 Motivations

With the growth of smart-phones, the demand for more broadband, data-centric technologies
are being driven higher. As mobile operators worldwide plan and deploy 4t generation (4G)
networks such as LTE to support the relentless growth in mobile data demand, the need for
strategically positioned pico-sized cellular base stations known as ‘pico-cells’ are gaining
traction. Making capacity available to customers in densely populated areas during peak
hours with limited spectrum is one of the biggest challenges that all operators across the
world are faced with. Adding another macro-cell could be costly. In such cases, pico-cells
help maximize spectrum re-use, providing sufficient capacity for more bandwidth-intensive
activities.

In cellular wireless networks, the pico-cell base station is typically a low power, small unit
(i.e. the size of aream A4 paper), that connects to a Base Station Controller [1]. Pico-cells
are typically used to extend coverage to indoor areas where outdoor signals do not reach well
or to add network capacity in areas with very dense phone usage such as shopping malls and
train stations. According to industry research firm In-Stat, the outdoor metropolitan pico-cell
market is forecast to top $5 Billion in 2014 [2].

In addition to having to design a transceiver in a much compact footprint, pico-cells must still
face the technical challenges presented by the new 4G systems, such as reduced power con-
sumptions and linear amplification of the signals.

Fourth generation (4G) wireless communication standards employ spectrum efficient modu-
lation techniques like phase shift keying (PSK) and quadrature amplitude modulations
(QAM) that result in signals with non-constant envelopes with high peak to average power
ratios (PAPR) and broad modulation bandwidths [3]. In order to avoid spectral spreading and
signal clipping, these signals are required to be amplified linearly [4, 5]. These techniques

that produce non-constant envelope signals with high PAPR, require the RF power amplifier
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to also function at a backed off power level to operate over the full dynamic range of the sig-
nal. However, this drastically reduces the efficiency of the power amplifier since the most
efficient operation of a power amplifier is near compression. Thus, higher spectral efficiency
is achieved at the cost of power efficiency. This scenario requires strategic trade-offs be-
tween linearity and efficiency for RF power amplifier design. Consequently, analysis and de-
sign of highly linear power amplifiers with high efficiency at large power back off levels be-
comes more critical.

A summary of challenges faced in RF power amplifier design to meet these requirements will

be discussed in the following section 1.2.
1.2 Background: Power Amplifier Design Challenges for pico-
cells

The RF power amplifier (PA) that amplify the output signals of 4G pico-cell systems face
challenges to minimize the size, to achieve high average efficiency and broad bandwidths
while maintaining linearity and operating at higher frequencies. For instance 4G standards as
LTE has to support channel bandwidths up to 20MHz [6] and PAPRs of 6 to 10dB [4] for
frequencies up to 2.6GHz [7]. Hence, the RF power amplifiers need to be able to handle the-
se stringent requirements.

Amongst these many requirements of a base station amplifier, linearity and efficiency are the
most crucial. To meet the linearity requirements, power amplifiers can be operated at a back-
off power level from the peak output power in a linear and efficient class of operation, such
as class AB. But due to the high PAPR of the signal, this will lead to very low efficiency at
the signals average output power. On the other hand more efficient classes of operation such
as class B are extremely non-linear, even with linearization techniques such as digital pre-
distortion this would not be a suitable solution. Therefore, the design of power amplifiers
generally forces trade-offs between linearity and efficiency.

Thus, a 4G pico-cell base station power amplifier needs to be designed in a small real estate
area, also referred to as form factor, to operate at high frequencies while maintaining high
average efficiency, linearity and broad envelope and RF bandwidths. Following are a few

options that could be proposed to address these multiple challenges.
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1.2.1 Addressing Linearity challenges

Several linearization techniques have been developed which facilitates the PA design to fo-
cus more on the efficiency aspect of the design by essentially minimizing linearity require-
ments from the design goals. Power amplifiers linearity can be improved by both system lev-
el and circuit level optimizations. Several system level linearization techniques such as Feed
Forward Linearization [8] [9], Cartesian Feedback [10, 11], LINC (Linear amplification us-
ing Nonlinear components) [12] and Digital pre distortion (DPD) [13 - 15] have been devel-
oped and implemented. Note that power amplifiers also possess memory effects that contrib-
ute to the distortion of the input signal when the signal has a broad envelope bandwidth. The
main outcome of memory effect is that it makes most standard linearization inefficient [16].
Although some Digital pre distortion (DPD) algorithms do correct for some memory effects
[13], it is fundamentally important to minimize the memory effects at the amplifier circuit
design level. One method is to increase the video bandwidth of the amplifier through im-
proved bias and matching circuit design methods [17] [18]. Linearity can also be optimized
at the device level through the use of improved device processes, such as the use of field

plated HEMT structures in GaN devices [19].
1.2.2 Addressing average efficiency challenges

Achieving high efficiency for a single power level can be attained through harmonic tuning
[20], switch mode amplifier designs [21] and single stage class B or class AB designs. The
problems with such techniques are that either they are extremely non-linear or they have poor
average efficiency when a non-constant envelope signal is being amplified. To address these
issues, several efficiency enhancement techniques such as Chireix Outphasing [22 - 24], En-
velope elimination and restoration (EER) [25-27], Doherty [28] and Envelope tracking (ET)
[29] have been suggested and studied to date. The strengths and limitations of each of these
efficiency enhancements techniques are discussed in Chapter 2. When such an efficiency en-
hancement technique is combined with a linearization method, a RF amplifier would be able

to handle some of its most stringent design requirements.

Chapter 1  Introduction 11



1.2.3 Addressing design space challenges

Since a pico-cell base station is a much smaller unit compared to a macro-cell, an additional
challenge is presented in implementing a highly efficient, highly linear power amplifier in a
compact design area. This is where new wide bandgap device technologies as GaN HFETs
present architectural benefits. Recent developments have shown that GaN fabrication has
made it possible to reach power densities up to 30W/mm [19]. This allows transistor sizes to
be much smaller and be able to achieve high power levels. GaN device technology shows
superior advantages beyond other materials such as GaAs, SiC and Si in terms of high power
and frequency operation range [21]. They also offer slightly higher efficiency and a much
wider bandwidth due to their lower parasitics [30]. The lower parasitics also allow the output
impedances to be much larger compared to technologies as Si-LDMOS, which makes match-
ing structures less complex to implement. This makes it possible to realize small-sized circuit
structures for the full power amplifier design. Therefore a power amplifier design for a 4G

network needs to consider all these aspects in order to satisfy requirements.
1.3 Research Goals

Among all the challenges discussed in section 1.2, that of efficiency and real-state will be
addressed in this thesis through a compact design achieving high efficiency at 6dB back-off
and peak power levels.

Therefore the primary focus of this thesis is to enhance the efficiency of a compact
RF amplifier that is suitable for a 4G pico-cell base station. For this objective, an integrated
two way Doherty amplifier design in a monolithic microwave integrated circuit (MMIC) us-
ing GaN device technology will be designed. Implementation of the design will be done us-
ing non-linear models of GaN HFETs. The design intends to achieve high efficiencies above
50% at both back off and peak power without compromising on the stringent linearity re-
quirements of 4G LTE standards .The thesis will demonstrate the feasibility of an integrated
HFET Doherty amplifier in a MMIC for LTE band 7. A complete realization of the layout
and various issues related to the RF power amplifier design will be discussed and attempted

to be solved.
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1.4 Thesis Organization

The content of this thesis is divided into five chapters as follows:

Chapter 1 presents the motivation for this research and the objective of this thesis.

Chapter 2 presents a quick review of PA classes and the most common metrics used to assess
PA performance. Furthermore, efficiency enhancement techniques is discussed and com-
pared to show the advantages and limitations of each approach. Main techniques that are dis-
cussed are Envelope elimination and restoration, Envelope tracking, Chireix outphasing
technique and Doherty amplifier technique. Different state of the art variations of the
Dobherty architecture is also reviewed and compared. A detailed explanation of the principle
of operation of Doherty architecture is presented. The chapter concludes with a detailed dis-
cussion on the selection of the most appropriate power amplifier architecture for this thesis.
Chapter 3 presents a brief outline of material properties of GaN highlighting the advantages
of GaN for efficient and linear power amplifier design at high frequencies. An analysis of the
use GaN compared to GaAs, SiC MESFT and LDMOS is also presented. A brief overview of
the GaN MMIC process is discussed. A design and implementation of a classical printed cir-
cuit board (PCB) design of a single stage class AB amplifier using Cree’s CGH25120F GaN
HEMT transistor is also presented in this chapter. A comparative analysis of the performance
between a simulated design using a non-linear model of CGH25120F and measured data of
CGH25120F is provided. This experiment is performed to validate the GaN non-linear model
by comparing the measured and simulated behaviour of the transistor.

Chapter 4 provides the design and implementation of the integrated two way MMIC Doherty
amplifier using GaN HFETs. The full layout of the design is presented. Simulated results of
the implementation are provided to ensure the performance of the design in overcoming the
low-efficiency problems at average power of the non-constant envelope signal. Performance
optimization techniques to select between high efficiency and high linearity operation are
also described in this chapter.

Chapter 5 summarizes the contributions of this thesis and provides ideas for future research

in this area.
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Chapter 2 Basics of RF Power Amplifier Design

2.1 Classes of Operation in RF Power Amplifiers

Amplifiers are classified according to their circuit configurations and methods of operation
into different classes such as A, B, AB, C, D, E and F. The DC bias applied to the transistor
determines the Class of operation. The Class of operation determines the portion of the input
RF signal for which there is an output current in the transistor. Depending on the application,
it may be desirable to have the transistor conducting for only a certain portion of the input
signal. These classes range from entirely linear with low efficiency to entirely non-linear
with high efficiency.

Figure 1 depicts the load lines for each of the classes on a DC —IV plot. Note that as the class
of operation moves through class A to class C, the load line moves out of the saturation re-
gion. Class F, D and E load lines are mainly on the ohmic and pinch-off regions. This makes
the devices biased under these classes to operate in two discrete states of On and Off, which

is also commonly known as switch mode operation.
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Figure 1: Load lines of various power amplifier classes of operation
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This chapter analyzes four classes (A, B, AB, and C) of power amplifier operation, which are
mainly associated with Doherty power amplifier operation. Figure 2 shows a summary of
these four power classes based on their transistor transfer characteristics and their classical

definitions.
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Figure 2: (a), (b) Classes of operation of Power amplifiers and their standard definition [31]
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2.1.1 Class A

Class-A is the most linear of all amplifier class types. It can be defined, as an amplifier that is
biased such that the output current flows at all times and the input signal drive level is kept
small enough to avoid driving the transistor in to cut-off. In a Class A operation, the transis-
tor conducts for the full cycle of the input signal, meaning that the conduction angle of the
transistor is 360°. As seen in Figure 3, the bias point is set in the active region which is closer
to the center of the transistor’s range of operation.

Although class A amplifiers are highly linear, since the device is conducting at all times and
is constantly carrying current, consequently there is a continuous loss of power in the device,
which results in poor efficiency. The maximum efficiency of an ideal Class-A PA is 50 % at
peak envelope power. Due its linear nature, IMD and harmonic levels of a class A amplifier
decreases or increases monotonically with the input signal level. The low levels of harmonics
in the amplification process allows Class-A to be used at frequencies close to the maximum
capability (fmax) of the transistor. With good linearity but low efficiency, Class-A PAs are
suitable for applications requiring low power, high linearity, high gain and broadband opera-

tion.
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Figure 3: Class A transfer characteristic [32]
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The DC power consumption of a class A amplifier can be calculated as:

Pac = Vad x ldq 2.1)

The maximum output power is:

1
Poutﬁmax =—x Vad X qu
2

(2.2)
where Vdd= drain voltage and Idq= Quiescent current. Note that maximum ac output current

is equal to Idq.
2.1.2 Class B

This is an amplifier where the transistor conducts only half of the time either on positive or
negative half cycle of the input signal. The conduction angle for the transistor is approxi-
mately 180°. The class-B amplifier operates ideally at zero quiescent current. This is
achieved by biasing the transistor at its cut off voltage and any current through the device
goes directly to the load.

Compared to a class A amplifier the efficiency of a class B amplifier is higher. For an ideal
class B PA the maximum efficiency can reach up to 78.5 % at peak envelope power. Howev-
er, the trade-off is linearity. A typical Class-B amplifier will produce considerable amounts
of harmonic distortion that must be filtered from the amplified signal.

Class B power amplifiers are often implemented using push-pull configuration, which uses
two transistors in parallel [32]. In this configuration one transistor conducts during positive
half cycles of the input signal and the second transistor conducts during the negative half cy-
cle. This method ensures that the entire input signal is reproduced at the output. The DC

power consumption of a class B amplifier can be calculated as:

2
Pac = — x Vg x Iacfmax (23)
T

where Vdd = drain voltage, [ac_max = maximum ac output current. Figure 4 shows how the

class-B amplifier operates.
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Figure 4: Class B transfer characteristic [32]

2.1.3 Class AB

In terms of linearity and efficiency, Class AB amplifiers are a balance between Class A and
Class B amplifiers. The dc operating point of the class AB operation is in the region between
the cut-off point and the Class A bias point. This would lead to a quiescent current of 10% -
15% percent of Idss. The conduction angle in Class-AB is between 180° and 360 ° which
would have the transistor on for more than half a cycle, but less than a full cycle of the input
signal. The linearity of a class AB power amplifier is closer to Class A operation and its max-

imum efficiency is between 50% -78.5%.

2.1.4 Class C

In class C operation the conduction angle for the transistor is significantly less than 180°. It is
biased so that the output current is zero for more than one half cycle of the input signal. Lin-
earity of the Class-C amplifier is the poorest of the four classes of amplifiers discussed in this

chapter. The maximum Efficiency of Class-C can approach as high as 85 %.

Chapter 2 Basics of RF Power Amplifier Design 18



!
F D

;!meelx}._ _______________ _ﬂ_____

as

Lo
!]{‘I;I.JX,._ ______________ '_———— — el - — —
q-poin}‘q waveform
Ao T
i : . . _
0 : V__(rgeshery | V spinchom] L - Sy
] vl
I . '
I T A
I ) —_—
Ceailll] iv Input waveform
I

Figure 5: Class AB transfer characteristic [32]

2.1.5 Additional power Classes

There are additional power classes such as F, D, E, G, H, and S. All these classes are catered
for power amplifiers that target high-efficiency performance. Each of these classes uses a va-
riety of techniques to reduce the average drain power to achieve high efficiency. For in-
stance, Class F uses harmonic resonators in the output network to shape the drain waveforms
to achieve high efficiency. Classes D, E, and S use switching techniques. Classes G and H
use resonators and multiple power-supply voltages to reduce the drain current-voltage prod-
uct.

Classes S, D, E, F, G, and H are widely used for narrowband tuned amplifiers that require
higher efficiency but do not require linear amplification, such as amplification of CW, FM or

PM that have constant envelopes.
2.2 Power Amplifier Performance Metrics

Power amplifiers are available in various form factors ranging from miniature ICs to high

power transistors on printed circuit boards. Depending on the various system requirements,
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the specific requirements of a given power amplifier will also vary considerably. However,
there are common metrics, such as linearity, efficiency, gain flatness, noise figure and stabil-
ity that are used to assess the performance of any type of PA. Often design trade-offs are re-
quired to optimize one parameter over another and necessitates performance compromises.

In this section, a few common amplifier performance metrics are discussed.
2.2.1 Stability

Stability refers to an amplifier's resistance to causing spurious oscillations. Means of feed-
back and gain are the fundamental conditions for oscillation. Ensuring stability of an amplifi-
er with considerable gain over a large bandwidth would require that all conducted and radiat-
ed feedback paths are sufficiently attenuated. A conducted feedback path could be through a
bias feedback and a radiated feedback path could be in the form of a waveguide cavity in
which active elements are shielded with.

Although it is expected for an amplifier to be stable, often it is difficult to determine if this is
the case in RF power amplifier applications. For instance, while it may appear that there are
no obvious oscillations generated from the amplifier, it can be such that the oscillation fre-
quency is low enough that the DC blocking capacitors attenuate the signal sufficiently to
make it very difficult to measure. Or there may appear an unexplained spurious signal at high
frequencies in the output spectrum that is the mixing product of the desired signal and an os-
cillation tone that is out of band of the measuring receiver.

A formal set of conditions for unconditional stability can be expressed in a set of formulas by

the Rollett's stability factor (K factor):

-

_ 1_‘511 o Szz ’ +‘A‘2 >
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(2.4)

‘—\‘ = ‘Sn Sy =85 -8, <1

along with one of the following auxiliary conditions:

Bl = 1-+[S111* — [S2217 — |A]2 > 0
B2 = 1+]S221> —[S1112 — |A]Z > 0
p1=1— I822|2 —|S12821| =0
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B2 =1—1S11]> — [S12521] >0

The above conditions only apply when source and load reflection coefficients have a magni-

tude of less than one ([,< 1 and I, < 1).
2.2.2 1 dB Compression point (P;4g) and Psat

One of the primary figures of estimating the linearity of an amplifier is its 1dB compression
point. The output power specifications for RF amplifiers are typically specified at one dB of
compression (P;q4p) or at saturation (Psat).
At small-signal levels, the transfer characteristic is constant with input drive level, and is
equal to the linear small-signal gain of the device. At higher power levels, the amplifier's
power gain is reduced, and enters into gain compression. The output 1 dB compression
(OP1dB) point can be expressed as the output level at which the gain is compressed by 1 dB
from its linear value. At a certain power level the output power saturates, and no additional
power results at the output as the input is driven harder. This output power level where the
amplifier is saturated is referred to as the Py, level of the amplifier. Implicitly it is assumed
that these are operating points where the amplifier will be exhibiting some degree of non-
linearity. Figure 6 shows the relationship between the input and output power of a typical
power amplifier. At low level of input signal the graph coincides with the straight line with
slope angle tangency of one.
This segment of the graph corresponds to the linear region of the amplifier. Further as the
input power increases, the graph changes its slope and becomes almost flat as the point where
the stage enters saturation mode. Essentially, this segment of the graph corresponds to non-
linearity. The input P1dB point (IP;4g) can be derived from the OP;4g with the following rela-
tionship:

OPgg=1P1gpt+ (G-1) [dB] (2.5)
where G= Linear gain of the amplifier (dB).
Although P1dB has been a fundamental metric of estimating linearity of an amplifier, for
some devices types with certain characteristics, assessing the P1dB point may not be as ap-

parent.
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For instance, due to the smooth transition from the linear to the saturation region, GaN am-

plifiers typically define their output power at the 3dB compression point.

* Pin

Figure 6: 1 dB Compression point (P1dB) and Psat

2.2.3 Efficiency

Efficiency is a measure of a device’s ability to convert one energy source to another. In pow-
er amplifier design, efficiency indicates the Power Amplifier’s ability to convert the DC
power of the supply into the signal power delivered to the load. Power that is not converted
to useful signal is dissipated as heat. Therefore Power Amplifiers that has low efficiency
have high levels of heat dissipation. To obtain the maximum efficiency of a RF power ampli-
fier, one has to consider multiple aspects of the design as frequency, temperature, input drive
level, load impedance, bias point, device geometry, and intrinsic device characteristics. In
typical microwave designs, efficiency is presented in three forms:

e Drain efficiency: Drain efficiency is the ratio of output RF power to input DC power.

P RFout PR_F out

= = 2.9
g Poc Vbex Inc 29)

In this unit of measure the incident input RF power that goes into the device is disregarded.
e Power added efficiency (PAE): Power added efficiency takes into account the input RF

power to the device in its calculation of efficiency.
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PAE — P rFout - PrFin _ Prrout- PrFin (2.10)

Pobc Vbex Inc

A theoretical amplifier with infinite linear gain will have the same efficiency value with the
drain efficiency and PAE calculations. In practical amplifiers PAE will always be less than
drain efficiency. Although for amplifiers with high gain the two calculations would yield
very close results, since the input power levels are only a fraction of the output power.

e Total efficiency: Total efficiency gives a complete sense of the ratio of output power to

both types of DC and RF input power.

P RFout PRFout

P otal = =
. Poc+ Prrin  (Vbex Ipc) + Prrin (2.11)

2.2.4 Linearity

All RF microwave circuits generate signal distortion as a result of non-linear behavior .In a

RF power amplifier, it is inevitable that non-linear behavior exists which is attributed mainly

to gain compression. It is characterized by various techniques depending upon s pecific

modulation and application. Harmonics, Inter-modulation distortion and intercept points are
few of the most commonly used figures for quantifying linearity.

e Intermodulation distortion (IMD): When multiple signals are injected to an amplifier
simultaneously, the sum and difference products of each of the fundamental input signals
and their associated harmonics create distortion products, which are referred to as inter-
modulation distortion (IMD). IMD products are more difficult to deal with compared to
harmonic distortion. Harmonics can be filtered from the output spectrum but IMD prod-

ucts, especially third order IMD products occur close to the desired signal.

Also lower frequency second-order IMD products can interfere with the DC bias of the tran-
sistor, increasing the non-linearity and decreasing efficiency. When two signals at frequen-
cies fl and f2 are input to any nonlinear amplifier, the following output components will re-
sult as in Figure 7.

Note that odd order intermodulation products (2f1-12, 2f2-f1, 3f1-2f2, 3f2-2f1) are close to

the two fundamental tone frequencies f1 and f2.
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The magnitude of Intermodulation distortion can be given by:

IMD (dBC) = POUtldB — POthIMD (2 12)
P ‘ f] f2
fo-f4
2fl'f2 2f2'f1 2f1 fﬁ"'fl 2f2
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>
f

Figure 7: Frequency spectrum of a two-tone signal

where Poutyp represents the output power of the third order intermodulation product. IMD

magnitudes can increase with carrier spacing and can distort the output signal significantly as

wider bandwidths are explored. Therefore, it is important to minimize IMD products as much
as possible when designing RF amplifiers for wide bandwidths.

e Intercept point: As the input power to a power amplifier is increased, the slope of the
amplitude of the harmonics at the output increases more swiftly with respect to the fun-
damental tone. If the amplitude of the fundamental and higher order products are plotted
on a log scale with their respective slopes, the intercept point is where their linear exten-
sion intersects with the linear extension of the 1:1 slope of the fundamental slope. Figure
8 represents the second and third order intercept points (IP2 and IP3) in a plot of input
power versus the output power. Third order intercept point (IP3) in particular plays a
significant role in assessing a power amplifiers performance. Higher the IP3, lower is the
distortion at higher power levels. The magnitude of the third order output intercept

(OIP3) point and the third order input intercept point (IIP3) can be calculated as follows:

Pout, mp

OIP3 = Pout +

(2.13)

IIP3 = OIP3 — Gain (2.14)
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2.3 Efficiency Enhancement Techniques

With wireless communication systems evolving, standards such as LTE use more efficient
modulation schemes as orthogonal frequency division multiple access (OFDMA) to achieve
higher data rates and better spectral efficiency. The non-constant envelope signals of these
systems have large peak-to-average power ratios (PAPRs) of around 6-10dB [33]. The RF
power amplifier (PA) that amplifies the output signals of these systems faces challenges to
achieve increased bandwidth, to minimize the size, to achieve high efficiency while main-
taining linearity.

Power amplification of amplitude-modulated signals with fluctuating envelopes used in these
systems face challenges where the modulated signal gets distorted when the power amplifier
is used at its full rated RF power level. An apparent solution is to operate the power amplifier
in the linear region where the average output power is much smaller than the amplifier’s sat-
uration power. But this increases cost and reduces efficiency, since the most efficient opera-
tion of a power amplifier is near compression. In addition to non-linearity, power amplifiers
also possess memory effects that contribute to the distortion of the input signal when the sig-
nal has a broad envelope or video bandwidth. Memory effect could be explained as a time lag
between AM-AM (amplitude dependent gain) and AM-PM (amplitude dependent phase

shift) response of the amplifier by changes in the modulation frequency [16]. The most
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common outcome of memory effects in an amplifier is the variation of IMD3 sidebands with
tone spacing and asymmetry between the lower and upper band IMD3 [16, 34].One approach
to reduce nonlinear distortion is the linearization of the power amplifier. Several linearization
techniques such as Feed Forward Linearization [8-9], Cartesian Feedback [10-11], LINC
(Linear amplification using Nonlinear components) [12] and Digital pre distortion (DPD)
[13-15] have been developed. Note that one of the main consequences of memory effect is
that it makes most standard linearization in efficient [16]. Even though there are a number of
Digital pre distortion (DPD) algorithms that do correct for some memory effects [13], it is
fundamentally important to minimize the memory effects at the amplifier design level. Alt-
hough these linearization techniques fulfill the linearity requirements, it may contribute to
overall efficiency degradation due to additional circuitry involved in the linearization pro-
cess.

Another challenge is to achieve high efficiency at two power levels for non-constant enve-
lope signal amplification. Maximum efficiency is attained only at one single power level,
usually closer to the maximum rated power of the device. For a signal with a 6-10dB PAPR,
efficiency would be degraded in the back-off power level. An implementation of efficiency
enhancement technique that results in high efficiency in the back-off power level of opera-
tion of the power amplifier would be the solution for this issue. Several efficiency enhance-
ment techniques have such as Chireix Outphasing [22 - 24], Envelope elimination and resto-
ration (EER) [25-27], Doherty [28] and Envelope tracking (ET) [29] have been suggested
and studied to date.

2.3.1 Envelope elimination and restoration (EER)

The envelope elimination and restoration (EER) also referred to as the Kahn method was
proposed by L. R. Kahn in 1952 as a method for implementing efficient, high power single-
side-band (SSB) transmitters [26]. As seen in Figure 9 below, a typical amplifier that uses
Envelope elimination and restoration (EER) consists of a highly efficient non-linear amplifier
and a limiter that eliminates the envelope. An envelope detector and a limiter configuration
split a modulated RF input to its polar form in to amplitude and phase components. The
phase component of the signal has constant amplitude but modulated phase. The limiter out-

put is a constant envelope signal that is amplified by an efficient but very non-linear amplifi-
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er. A constant envelope enables the non-linear amplifier to operate near compression without
any distortion, enhancing its efficiency. The envelope information is restored at the output by
modulating the supply voltage (Vdd) of the amplifier, where the modulating signal is derived
from the envelope detector.

There are various issues that need to be resolved when implementing this method. There
could be phase and gain mismatch between the RF and envelope paths due to different cir-
cuits that are operated at different frequencies. Correcting for this type of mismatch could be
complex. The dc controller’s efficiency and bandwidth would add further limitations as well.
The association between the PA and drain modulator is a complex and costly implementation

as well.
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Figure 9: Envelope elimination and restoration (EER) system block diagram [35]

2.3.2 Envelope tracking (ET)

Envelope tracking is a method similar to the EER technique; however the limiter circuit is
not required as shown in Figure 10. It superimposes the envelope signal at the drain by dy-
namically varying supply voltage that conserves power while allowing the PA to operate in
linear mode. The difference between this technique and EER is the input signal that contains
both amplitude and phase information. It maximizes PA efficiency by keeping RF transistor

closer to saturation for all envelope amplitudes. Though the performance of envelope track-

Chapter 2 Basics of RF Power Amplifier Design 27



ing is better than a linear amplifier, it is not as good as the EER technique. This is due to the
increased flexibility of the supply voltage control, compared to the EER technique. On an ET
system the drain modulator does not have to perfectly match with the input envelope which
allows more errors and design relaxation, compared to EER.

The design of a highly efficient dc modulator with high output voltage and current is the big-
gest challenge of implementing this technique. Although ET vyields lower efficiency com-
pared to EER, it is more attractive and has already been implemented in several RF applica-

tions today [29, 36] because of its simplicity and practicality compared to EER.
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Figure 10: Envelope Tracking (ET) system block diagram

2.3.3 Chireix Outphasing

Chireix outphasing power amplifier system was first introduced by Henri Chireix in 1930s
[22]. Chireix Power combining system uses two nonlinear amplifiers to amplify two input
signals with different phases, which are finally combined at the output to regain amplitude
and phase modulated signal. Firstly, a single input signal containing both amplitude and
phase modulation is divided into two constant envelope input signals by an AM-PM modula-
tor where the input signal amplitude is transformed into phase deviation [17]. Conventional
power combining at the output could result in severe losses when the phases of the two signal
paths vary. A Chireix combiner has resolved this issue by a reactance compensation load de-

sign technique that further results in improved efficiency in the back-off region. At two pre-
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defined phase offset values, the generator sees a purely resistive load impedance resulting in
maximum power combining efficiency. Thorough explanation of the principle and in depth

details of the load design and other practical issues are available in [17, 37, 38].
2.3.4 Doherty Amplification Technique

William H. Doherty first introduced the Doherty technique in 1936 [28] which was originally
designed using vacuum tubes. This is one of the most implemented techniques today for im-
proving efficiency at back-off output power levels. Doherty technique involves the imple-
mentation of efficiency enhancement on a power amplifier circuit that requires linear ampli-
fication. Linear amplification is required when the signal contains AM (Amplitude Modula-
tion) or a combination of both, Amplitude and Phase Modulation (SSB, QPSK, QAM,
OFDM).

The most conventional configuration of a Doherty circuit is shown in Figure 11. It consists of
two amplifiers, namely the main and the peaking. The peaking amplifier is also known as the
“auxiliary” amplifier. The amplifiers are connected in parallel with their outputs joined by a

quarter-wave transmission line, which performs impedance transformation.

Splitter
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Main PA

/4

¥
|
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Figure 11: Doherty amplifier block diagram
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Each amplifier is biased into different bias conditions. The main amplifier is typically biased
in Class AB and the peaking amplifier in class C. It is designed to have different load termi-
nations at multiple power levels, so it has the optimized performed for each power level. The
conventional Doherty amplifier design uses two amplifiers to compromise between efficien-
cy and linearity in low power and high power regions.
The peaking amplifier is used to control the load of the main amplifier for a particular range
of input power level. The main amplifier is designed such that it will saturate at a certain
backed off power level from the power amplifiers nominal output power level. This is per-
formed by presenting a higher impedance at that particular backed off power level. Note that
only the main amplifier operates at this backed off power level. As the main amplifier satu-
rates, the peaking amplifier starts to deliver current, reducing the impedance seen at the out-
put of the main amplifier. For instance, for a conventional symmetrical Doherty operation
where the main and peaking amplifiers have the same device sizing, at a 6dB backed off
power level the main amplifier would be presented with two times its optimum impedance.
When the main amplifier saturates, the peaking amplifier will start to operate and modulate
the main amplifier load from twice the optimum impedance to its optimum impedance. The
peaking amplifier is turned on only during the peaks of the input signal. This is achieved by
biasing the device in class C where the bias point is below its pinch-off voltage. Consequent-
ly, the peaking amplifier gets turned on when the main amplifier reaches a level closer to sat-
uration. Since the main amplifier remains closer to saturation for a range of 6 dB backed off
from the maximum input power, the total efficiency of the system remains high over the full
dynamic range.
The Design principles of the conventional Doherty amplifier will be further discussed in de-
tail in section 2.5. In order to optimize the Doherty PA architecture for various signal condi-
tions, the standard Doherty Architecture can be further branched out to various sub catego-
ries. There can be several variations of the standard Doherty amplifier architecture. The ma-
jority of these variations can be subdivided into three basic categories: symmetrical, asym-
metrical, and N-stage Doherty.
e Symmetrical Doherty architecture: This is the most conventional and commonly used
Doherty amplifier architecture, which was discussed in section 2.3.4. The main benefit of

using this architecture is its simplicity. Since the main and peaking amplifiers use the
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same device sizing (same peak power capability), the same matching networks can be uti-
lized with a relatively simple 3 dB power splitting at the input, usually implemented with
a 90 degree hybrid. The downside of this architecture is that its only optimum for signals
with a 6dB peak to average ratio (PAR). This is due to the fact that the second efficiency
peak of a symmetrical Doherty design falls at an output power range that is 6dB backed
off from its peak power. Therefore for a signal with a higher than 6dB peak to average ra-
tio (PAR), the full efficiency benefit introduced by a symmetrical Doherty would not be
properly utilized. Figure 12 shows an efficiency plot of a symmetrical Doherty PA com-
pared to a class B PA.

e Asymmetrical Doherty Architecture: The main difference of an asymmetrical Doherty in
comparison with a symmetrical Doherty is the use of devices with different peak power
capabilities for main and peaking amplifiers. The power ratio between the peak and main
amplifier is dependent on the design requirement of where the second efficiency peak

needs to be at.
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Figure 12: Efficiency of a conventional symmetrical Doherty PA compared to a class B PA
[82].
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The advantage of the asymmetric Doherty architecture is that the main-peak power ratio can

be selected such that the optimum back off efficiency point can be achieved for signals with

PARs in the range of 6-10dB, whereas with a symmetrical Doherty architecture the optimum

back off efficiency is limited to only 6dB. The theory and implementation of asymmetric

Doherty architecture is well described in [39].

N-stage Doherty Architecture: The N-stage Doherty implies the use of “N”” number of
peaking amplifiers (biased in class C or B) rather than a single peaking amplifier as in
the asymmetrical/symmetrical amplifier architecture. At higher drive levels, all of the
peaking amplifiers will be engaged and will be contributing to the overall output-
combined signal level. At low drive levels only the main amplifier would be turned on.
The output power versus efficiency curve of a N-stage Doherty design would consist of
N number of efficiency peaks, offering the capability of presenting a high efficiency
response at multiple back off power levels. Theory and implementation of N Doherty
architecture is well described in [40, 41]. Figure 13 summarizes the efficiency behav-

iour of the above described Doherty architectures.

Digital Doherty: Although the concept of Doherty architecture has been around for
several years, the various enhancements and extensions of this architecture have mostly
been based on the standard analog Doherty. The concept of digital Doherty was intro-
duced and explored more in recent years. The basic architecture of a digital Doherty
consists of separate dual-inputs for the main and peaking amplifiers that is digitally
driven. By using digital adaptive phase alignment techniques the performance degrada-
tion that is caused by the bias and power dependent phase misalignment between the

main and peaking branches is compensated.

Although research has demonstrated, that in comparison with the conventional analog

Doherty PA, a digital Doherty PA can achieve a 10% improvement in PAE over the same

back off output power range [42], there are some drawbacks of implementing digital

Doherty. For an analog Doherty design, a single input signal is split to drive the main and

peaking amplifiers. Therefore, only a single line-up of driver amplifiers is required. Since a
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Digital Doherty design has separate inputs for the main and peaking amplifiers, two separate

driver line-ups would be required to drive each of the main and peaking paths.
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Figure 13: Efficiency behavior of N-stage and asymmetric Doherty PA architectures com-
pared to Class B PA [39]
This increases the number of devices used in the full power amplifier design, driving the
overall cost of the design higher. Also with demanding real estate requirements on base sta-
tion power amplifier PCB boards, accommodating additional driver lineups adds another
challenge to the overall design. The implementation of a digital Doherty design becomes far
more complex and costly compared to an analog Doherty design due to the digital adaptive

phase alignment system that is required.
2.4 Power Amplifier Topology Selection

When deciding the type of amplifier architecture that is best suited for a particular applica-
tion other parameters of the design requirements such as the RF bandwidth, linearity, lineari-
zation technique and RF gain need to be considered. Understanding not only the strengths but
also the limitations of a particular architecture is also important to assess the feasibility of

implementing that architecture for an application.
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Figure 14 represents the theoretical efficiency plots of some of the efficiency enhancement
techniques discussed above. Doherty being a well understood and mature technique has
many advantages over other efficiency enhancement techniques. Although efficiency enhanc-
ing techniques like Envelope Elimination and Restoration and Envelope tracking may pro-
vide greater performance than Doherty, their corresponding architectures are far more com-
plex, costly to implement and as discussed previously, have various issues involved in im-
plementation. The Doherty PA can accomplish high efficiency without adding any extra cir-
cuitry such as complex envelope control circuits used in Envelope elimination and restoration
and Envelope tracking .Due to the simplicity of the Doherty configuration, conventional lin-
earization methods like feed-forward and digital pre-distortion can be easily implemented
with the Doherty amplifier. Compared to EER, ET and Chierex out phasing, Doherty tech-
nique also has much larger video bandwidth [41] which also helps to minimize memory ef-
fects. The main limiting factor of the Doherty technique is the quarter wave transformer. This
makes this method limited to only narrow band designs. Since modern wireless communica-
tion spectrums utilize narrow bandwidths, this is not a severe drawback.

Another shortcoming is the gain degradation caused due to the peaking amplifier. The typical
degradation for a s ymmetric Doherty design is around 2dB. As long as this degradation is
considered at an early design stage in the link budget, appropriate driver amplifiers can be
selected to compensate for this. This degradation can be also kept low with a higher gain
main amplifier at low power levels. Another familiar issue that can be seen from the configu-
ration of a Doherty system is resistive load matching. Techniques such as using offset lines to
load modulate reactive termination have been studied [41] and been implemented in designs.
Achieving high efficiency for a pico-cell base station power amplifier would be tackled in
this thesis. One of the main challenges of a pico-cell base station is the limited real estate.
Since a Doherty PA can accomplish high efficiency at back- off power levels without adding
any extra circuitry, this technique can be implemented on an integrated circuit (IC).Which
makes this technique an ideal candidate for a pico cell application. Since the peak to average
ratio of the signal of the targeted 4G standard would be around 6dB, a symmetrical Doherty

design was selected for this design.
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Figure 14: Theoretical efficiency behavior of various efficiency enhancement techniques [83].

2.5 Doherty Operation

The fundamental principle of operation of the Doherty architecture was briefly discussed in

section 2.3.4. In this section an in-depth analysis of its operating principle is presented.
2.5.1 Doherty load modulation technique

As discussed in section 2.3, the most conventional configuration of a Doherty circuit consists
of two amplifiers, namely the main and the peaking amplifiers. The peaking amplifier is also
known as the “auxiliary” amplifier. The amplifiers are connected in parallel with their out-
puts joined by an impedance inverting quarter-wave transmission line. Each amplifier is bi-
ased into different bias conditions. The main amplifier is typically biased in Class AB and the
peaking amplifier in class C. It is designed to have different load terminations at multiple
power levels, so it has the optimized performed for each power level. Although the final out-
put power is the combined output power of both main and peaking amplifiers, as the input
drive level is reduced to a level typically 6dB below the maximum output power, the peaking
amplifier is turned off. Therefore below the 6dB back off position, the number of active de-

vices has been reduced by half, improving the efficiency at lower power levels significantly.
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One of the key elements of the Doherty architecture is the active pulling or modulation of the
main amplifier load impedance by the activity of the peaking amplifier. The active load pull
technique is based on the principle that applying current from a second source can vary the

resistance or reactance of a RF load. This concept is presented by Cripps in [17] as follows:
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Figure 15: Active load modulation technique

Basic circuit theory suggests that when the supply current I, of generator 2 is set to zero,
generator 1 would see a load resistance of Ry, If generator 2 starts to supply current along
with generator 1 (I; and I, > 0), the voltage appearing across the load resistor Ry would
change along with the resistance seen by generator 1 and generator 2.This concept can be ex-
tended to ac circuits by using complex notation for representing the magnitude and the phase
of the currents and voltages and the resistive and reactive components.

Therefore the impedance seen by generator 1 and generator 2 when both generators are sup-

plying current can be represented as:

1

Z, = RL(H'I_zj (.1)

Z,= RL(H:—‘j (4.2)

2

If I, is in phase with I;, the impedance Z, seen by generator 1 can be transformed to higher
value. If I, is out of phase with I;, Z; can be transformed to a smaller value. A key point to
illustrate in the Doherty operation is the impedance inversion performed by the A/4 wave
transformer. A few derivations according to [17] are presented in order to illustrate the rela-
tionship between the voltages, currents and the impedances of the main and peaking amplifi-

ers. Figure 16 shows an operational diagram to analyze the Doherty amplifier circuit.
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Figure 16: Operational diagram of the Doherty amplifier

Doherty amplifier configuration needs an impedance inverter between the main amplifier and
the load Z;, for the proper implementation of the load modulation. Note that although the
quarter wave transformer is the most commonly used impedance inverter in a Doherty ampli-
fier, other alternatives such an L or T networks can be used to achieve the same function
[56].

An ideal impedance inverter transforms a current source into a voltage source. This relation-
ship for figure 16 can be derived by looking at the impedance matrix of a lossless A/4 wave

transformer as follows [17]:

= (4.3)
L1z, o |1,

The voltage of the peaking amplifier when it is operating at high power level can be deduced
from (4.3) as:

Vo =jZoln (4.4)

From (4.4) it can be seen that the peaking amplifier output voltage, which is also equal to the
load voltage, is dependant only on the main amplifier current. Expression for V,, shows that
the output voltage is a simple linear function of I,. At lower power levels only the main am-
plifier is active and delivers current. The peaking amplifier simply maintains the level of the
main amplifier voltage Vm below the clipping level.

This relationship can be given by equation (4.5) below:
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I, = [J%}/m 4.5)

Considering the 90° phase shift introduced by the M4 wave line, the peaking amplifier cur-
rent can be expressed as jI, . In reference to figure 16, the relationship between I; and jI, can
be expressed as in equation (4.6). This defines the current delivered by the peaking amplifi-
er, at higher power when the peaking amplifier is active.
jIp:[V—DJ+I1 (4.6)
ZL
Therefore the impact of the peaking amplifier on the main amplifier voltage can be consoli-

dated to the following:

V, = Z()K%jlm 1 p} (4.7)

The main point that can be understood from equation (4.7) is that the A/4 wave line creates a
relationship between the main amplifier and the peaking amplifier such that it prevents the
main amplifier from exceeding its maximum voltage swing, keeping it c onstant until the
peaking amplifier itself saturates [19]. Hence efficiency enhancement is attained in the 6dB
backed off range by keeping Vm constant.

In order to characterize the impedances seen by the main and peaking devices during Doherty
operation, the ideal characteristics of current and voltage of the main and peaking amplifier
needs to be understood. Figure 17 shows the two device current amplitudes plotted as a func-
tion of voltage input drives [17]. Note that in this graph it is assumed that both main and the
peaking amplifier have the same maximum linear current swing of Imax. Therefore the max-
imum linear value for each device will be Imax /2. The most important activity of the
Doherty amplifier occurs during the upper 6dB region where both main and peaking amplifi-
ers are active. In reference to figure 16 and figure 17, the currents of the main and peaking

amplifiers can be expressed as follows:

|
I, =—=0+y)

4 y=0and 1 4.8)
ImaX
I, == ()
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Figure 17: Main and peaking device currents Vs input voltage amplitude

where y = 0 corresponds to the 6dB back off point and y = 1 to the maximum power point.
Now we can proceed to derive how the A/4 wave transformer, causes the impedance seen by
the main amplifier to reduce as the peaking amplifier current I, increases. If the load modula-
tion equation (4.1) and (4.2) is applied to Figure 16, the impedances on each side of the load
impedance Z; can be gives as:

Ip
2, =2 (14" (4.9)

1

Z, =ZL(1+:—IJ (4.10)

p

The relationships between the input and output voltages and currents of the A/4 wave

transformer can be defined as follows:

IIVp = Ime (41 1)
since
2,=2.27, (4.12)
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and

z,’ = (Y—m][\:—pJ (4.13)

From (4.13) and (4.11):
I, =—" (4.14)

Substituting I; in the expression for Z; in (4.9) would give:

1,Z,
Z,=2, 1+ (4.15)

m

Substituting (4.15) in (4.12) gives the output impedance seen by the main device:

2
7 - L (4.16)

m | Z
ZL[H P OJ
Vm

where Vi, = 11,Z. By using the relationship defined in (4.8) and (4.16), V,, (which is the am-

plitude of the RF voltage swing at the output of the main device) can be re-written as the fol-

lowing:

Zﬁ('j"]ﬂ +7)

V, = I (4.17)
(;’“J(V)Zo
Z | 1+—F
Vm
(4.17) can be re-written as:
VA T (AP (z,+7(Z,-22)) (4.18)
m ZZL 2 0 0 L

Earlier it was stated that the A/4 wave line creates a relationship between the main amplifier
and the peaking amplifier such that it prevents the main amplifier from exceeding its maxi-
mum voltage swing, keeping it constant until the peaking amplifier itself saturates. Therefore

efficiency enhancement in the 6dB backed off range is attained when V,, remained constant.
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By examining equation (4.18) it can be seen that the main device voltage becomes independ-
ent of y and V;, remains constant only if Z,= 2Z; Therefore, by having the characteristic
impedance of the A/4 wave line twice the resistive load, the main amplifier sees twice the
output impedance and reaches the maximum voltage when the current is only half the maxi-

mum value at back off power levels.
2.5.2 Doherty Amplifier Operation

The Doherty amplifier operation can be described based on three operating regions related to
the input power levels, namely low, medium and high power regions. Depending on the input
drive level, the load impedances seen by the main and peaking amplifier will change based
on the technique described in section 2.5.1.

Based on figure 16, the load impedances of main and peaking amplifiers for the operating

regions can be summarized as follows by equation (4.19) and (4.20) [17]:

2 V.
Zy o<V, < "™
Z, 2
Z = (4.19)
Z—OZ Vinﬂ <Vin <Vinmax
I, +1,
L Im
V.
0<V, <—nme
© 2
Z, = (4.20)

V.
I +1 in max
ZL{ il p] 2 <Vin <Vinmax
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e Low power region of operation:
In the low-power region (0<V,, < \% ), the peaking amplifier is turned off and in refer-

ence to figure 18, the main amplifier sees the load Z; inverted to Z,, by the A/4 line. The
peaking amplifier sees very large impedance (theoretically an open circuit) and facilitates the
load impedance of the main amplifier to be two times larger than that of the optimum re-
sistance required to deliver maximum power. Therefore, the high output impedance seen by

the main amplifier forces itto saturate prematurely. At this point, at an input voltage
V. ) . .
of %, the maximum fundamental current swing is half and the voltage swing reaches Vg

which is the ideal maximum voltage swing [17]. As a consequence of this, half of the main
amplifier’s allowable power level (a quarter of the total maximum power or 6 dB down from
the total maximum power) is presented, while the efficiency is equal to the maximum effi-
ciency of the main amplifier. This is shown in figure 19 below. Note that, 78.5% theoretical
maximum efficiency illustrated in figure 19 is based on a class B operation of the main am-
plifier. In conclusion, at low input drive levels the main amplifier is presented with a high

efficiency load and the since peaking amplifier is off the efficiency is maximized.

e  Medium power region of operation:
INmax

In the medium power range (\% <V,, <V, )» the peaking amplifier is turned on and

starts to generate current while the main amplifier is saturated. By inspecting the equation
(4.19), it is evident that the peaking amplifier current contributes in modulating the load im-

pedance seen by the main amplifier.
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Figure 19: Doherty amplifier efficiency Vs input drive level

Implementing the load modulation technique described in section 2.5.1, it can be seen that
the as the peaking amplifier current increases, the impedance Z; shown in figure 20 would be
increased.

With the A/4 line, this would be transformed to a reduced Z,, seen by the main amplifier. This

will prevent the main amplifier from exceeding its maximum voltage swing, keeping the out-
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put voltage constant while still generating output current. The output power of the Doherty
system increases since the peaking amplifier is starting to deliver power to the load and the
main amplifier is able to contribute more power due to the increased output current. As the
input level increases, the output impedance of the peaking amplifier keeps decreasing and
that of the main amplifier with the quarter wave transmission line keeps increasing. Figure 21
summarizes the behavior of voltage amplitudes of the main and peaking amplifiers over the
full power range [17]. The output voltage of the main amplifier increases linearly with the
input voltage, with a forced saturation up to the maximum voltage point. Once it reaches sat-
uration, it remains constant for the upper 6dB range of operation. Since the voltage amplitude
is remained constant closer to saturation at an ideal maximum level, the efficiency stays close

to the maximum.
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Figure 20: Doherty medium power operation diagram
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Figure 21: Main and peaking device voltages Vs input voltage amplitude

o High power region of operation:

With the increased input level, the load impedance Z, seen by the peaking amplifier in figure
22 is altered until the peaking amplifier is saturated. At this point both main and peaking am-
plifiers are both presented with the maximum power load R, Therefore in this power re-
gion, with high input drive levels both amplifiers are saturated and deliver equal power to the
load.

The maximum output power of the Doherty amplifier is achieved at this point. Overall drain

efficiency of the full Doherty system is derived by Cripps in [17] as:

4.21)

where Vip=Vi.x would be the maximum power condition and Vi;=Vna/2 would be the 6dB
back off condition. This theoretical overall efficiency for a symmetrical two way Doherty
system has been plotted as a function of power back off in figure 23. Note that, 78.5% theo-
retical maximum efficiency illustrated in figure 23 is based on a class B operation of the

main amplifier.
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The slight dip in efficiency in the middle is caused by the DC consumption of the peaking

amplifier.
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Figure 22: Doherty high power operation diagram
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Figure 23: Doherty amplifier efficiency Vs power back off
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2.6 Conclusion

The Doherty technique has already been implemented using a variety of device technologies,
predominantly using LDMOS and GaAs. With these technologies, the reported efficiency
numbers have been lower than the theoretical efficiencies, especially at frequencies higher
than 2.5GHz.Emerging device technologies such as the GaN technology presents an attrac-
tive option for Doherty design due its low output capacitance and high output impedance.
This aspect of GaN devices simplify the matching networks significantly, which makes it a
more favorable option when implementing a PA design on a very small design real estate of
an IC. Therefore, in this thesis GaN power cells are used to implement the Doherty design.
Detailed discussion on the GaN HFET technology would be discussed in Chapter 3.

Chapter 2 Basics of RF Power Amplifier Design 47



Chapter 3 Semiconductor Technology Selection and GaN

Large-Signal Model Evaluation

3.1 Semiconductor Technology selection

The RF power amplifier, a key module of a base station, can be designed using transistors
from a wide variety of semiconductor technologies. Apart from the performance specifica-
tions as output power, efficiency, and linearity, there are additional requirements that a power
amplifier transistor needs to consider, such as supply voltage, ruggedness, physical size, reli-
ability, and cost. Depending on the modulation format of the wireless system, the transistors
for the power amplifier may have different specifications. An excellent study comparing the
performance of RF output devices from various device technologies such as InGaP HBT,
EpHEMT, Si BJT, SiGe HBT, and Si LDMOS technologies for GSM, CDMA, and WCDMA
applications is presented in [43, 44].

A broad range of semiconductor technologies, such as Si LDMOS FET, Si BJT, GaN HFET,
GaAs MESFET, GaAs HEMT, and GaAs HBT have been used to design RF power amplifi-
ers. The type of semiconductor technology plays a critical role in the RF power amplifier per-
formance. Each of the technologies has its strengths and limitations. For instance, if GaAs
HBT, GaAs FET and LDMOS FET are compared, following can be observed; GaAs HBT's
have the highest power density which leads to the smallest amplifier die size, GaAs FET's
have lower RF power density but has higher power gain and PAE. Even though Si LDMOS
FETs have the lowest power densities leading to the largest die sizes they are the lowest in
cost [45]. In general, Si LDMOS FET’s are much more rugged as well [45]. Ruggedness of
an amplifier is its ability to survive large load mismatches, while delivering the rated output
power.

Another requirement that has been growing in demand is the thermal stability of high power

RF devices. Most common power devices that are currently used are Si LDMOS FETs and
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GaAS MESFETs. These device technologies are reaching their maximum capabilities. Hence
more emphasis has been placed on research and material processing technologies for device
technologies like SiC MESFET and GaN HEMT [46] [47]. Among these, GaN devices pro-
duce higher output power and power efficiency [47]. GaN device technology has greater ad-
vantages beyond other materials such as GaAs, SiC and Si, not only in terms of high power
but also the range of frequency operation [30]. The wide bandwidth is achieved in GaN due
to higher input and output impedances. Higher power is achieved due to the high charge den-
sity of the material.

The Doherty power amplifier architecture on MMICs has been implemented using various
device technologies, predominantly using Si-LDMOS [48] and GaAs [49] devices. But the
efficiencies achieved at frequencies, especially higher than 2.1GHz has been lower than theo-
retical efficiencies. Hence, newer device technologies like GaN should be further analyzed to
achieve maximum possible efficiency. The GaN technology presents an attractive option for
MMIC Doherty design, due to its high power density, higher efficiencies at high frequencies,
and high output impedance which can simplify the matching network significantly.

The next section of this chapter will present an overview of GaN material properties. A com-
parison of GaN properties to some other semiconductors as Si and GaAs will also be dis-
cussed. Some commonly known limitations and issues with the GaN technology will be pro-

vided in section 3.1.2
3.1.1 GaN properties

The most important properties of a semiconductor material that influences the power amplifi-
er performance are the breakdown field, thermal conductivity, energy band-gap, and electron
velocity [50]. Table 1 is a quick summary of how each of these material properties can influ-
ence the power amplifier system performance. As seen in that table, there is a direct relation-
ship between the material properties, device characteristics and power amplifier system per-
formance. Therefore, it is critical to select the appropriate device technology to meet the
power amplifier design requirements. Several of these material properties of common semi-

conductor materials as Si, GaAs, and GaN are summarized in table 2.
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Table 1: Semiconductor material properties and their relationship with power amplifier sys-
tem performance [50].

Material Device Improved
. . ) System Advantages
property characteristics device metrics

Power density
High Gain
High voltage Efficiency
breakdown
field High Larger output
doping impedance
levels

The higher power density will reduce
the number of die used
Improved output impedance characteris-
tics with lead to increased bandwidth
Higher efficiency will lead to lower
total energy usage

High Thermal conductivity will allow
the possibility of smaller packages and

W1d2£and- Smaller will reduce the system cooling require-

. die size ments. .

High The band-gap determines the upper
temperature temperature limit of device operation.
Hence, wider band gap devices are able

to withstand higher channel and ambi-
ent temperatures, which will also reduce
the system cooling requirements

High
Thermal More power
Conductivity per die

High
Electron
Velocity

High ft High electron velocities will contribute
to a very high speed device which re-
High fmax sults in high system frequencies

High
Frequency

Table 2: Material Properties of GaN, Si and GaAs [50]

[ saturation field (viem) I 15x10" [ 8x10" [ 3x10° ]

Thermal conductivity (W/cm-K) ([§ 1.7/substrate 0.46
Electron mobility (Cm®/V-sec) 1000 1350 6000
Hole mobility (Cm®/V-sec) 450 330

*Refer to section 3.1.1 for details on GaN substrate materials
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From the table above, it can be seen that GaN has material properties that would be suitable
for high power implementations. For instance GaN has breakdown fields five times that of Si
or GaAs. Breakdown field determines the highest operating voltage of a transistor for a given
device design and channel doping [50]. Higher operating voltage results in higher power
handling capabilities and higher power density in the device. Due to this GaN devices can be
operated with high drain voltages since its break down voltages are greater than 70V [19].
GaN also has alarge band-gap of 3.4eV compared to Si, GaAs .This gives GaN an ad-
vantage in high temperature performance over Si and GaAs, since the band-gap determines
the upper temperature limit of device operation. For this reason, GaN devices would be able
to withstand higher ambient and channel temperatures. GaN can operate at higher channel
temperatures up to 300 °c [19].

GaN has a saturated electron velocity of 1.5 x 10’cm/second, which is still higher than that of
Si or GaAs. The saturated electron velocity of device determines the frequency performance,
in particular, f; of a device [50]. Due to this high cut off frequency, GaN is able to operate at
frequencies much higher than Si and GaAs.

Note that GaN have electron and hole mobilities much less than Si and GaAs. Low mobility
results in increased parasitic resistance, increased losses, and reduced gain [50]. These prob-
lems are worsened as operating frequency is increased. Therefore when using a GaN device
for a power amplifier design, it is important to keep in mind the lower gain of the amplifier
path, so driver amplifiers may be included in the link budget to compensate for the low gain.
GaN devices have been grown on a number of different substrates such as Silicon (Si), Sili-
con carbide (SiC) and Sapphire. Compared to other available substrate choices, Sapphire is
relatively cheap and is offered in large diameter (4" to 6”) wafers [50]. At microwave fre-
quencies it works great as a low-loss substrate. However due its low thermal conductivity of
0.46 W/cmK Sapphire will severely limit the power density and total power performance of
devices fabricated on it [50].SiC on the other hand has a thermal conductivity of 4.9 W/cm-K
that is three times that of Si and ten times that of Sapphire. This gives a tremendous ad-
vantage for SiC-based devices. SiC also have much better microwave performance than de-
vices fabricated on highly doped silicon substrates [50].The best GaN performance has been
from devices utilizing semi-insulating SiC substrates [50]. Although GaN-on-Si platform
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technology is not as mature, efforts are now focused on continual evolution of this technolo-
gy.

The resulting GaN-on-Si device technology offers high power performance at high levels of
reliability and is ideally suited for large area RF circuits. Compared to SiC, itis also less
costly and is in high volume production today and readily available [30].The cost of a high
resistivity silicon substrates is a fraction of the cost of 2” high resistivity SiC substrates
which are limited in quality, volume and availability [30].Based on the reliability results of
GaN-on-Si, it has been shown that that GaN-on-Si offers superior reliability to other sub-
strates [30].

3.1.2 GaN issues and limitations

Despite all the great characteristics of GaN devices, this device technology is still not mature
and has various issues that are still being addressed. The main reported problems of GaN de-
vices are current collapse, drain current compression and frequency dispersion of transcon-
ductance and capacitances [50 - 53]. These issues of GaN devices have been attributed pri-
marily due to the trapping effects. Trapping effects can be described as the surface trapping-
detrapping of electrons at the various surface states or trap states in the GaN structure [50,
53]. Trap states refer to the deep level states in the band-gap [19]. Detailed discussion of the
GaN device trapping and de-trapping process is presented in [51].These trap states induce
power loss, degrade power handling capability and causes voltage delays in device operation
[51]. Current collapse or current dispersion can be described as discrepancy between the DC
predicted and RF measured performance [53]. This phenomena leads to changes in the max-
imum drain current and knee voltage. These result in a change of load line and reduced pow-
er and gain. Any type of DC-to-RF dispersion causes device degradation and makes circuit
design very difficult. Various solutions to minimize some these problems have been pro-
posed. An overview of these proposals can be found in [53].

Despite these limitations of GaN, outstanding device performance (i.e reported fmax = 139
GHz and power densities of 30 W/mm [50]), can be seen from this relatively immature tech-
nology. Any performance limiting effects will have to be eliminated for these devices to

move from research to mass production.
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3.1.3 GaN MMIC process

The technology being explored in this project is Gallium Nitride (GaN)-based Heterostruc-
ture field-effect transistor (HFET) technology offered by the Canadian Photonics Fabrication
Centre (CPFC) of National Research Council (NRC). It is fabricated on 3-inch diameter Sili-
con Carbide (SiC) wafer. This MMIC circuit process of the HFET involves a total of nine
mask steps. The overall process includes a standard GaN device process. Thorough explana-
tion of process details can be found in [78]. The layer numbers in the foundry is used to de-
fine the mask levels used at the various steps of the process. In total there are 9 layers [78]:

e Layer -Mesa

e Layer 2-Ohmic

e Layer 3-Gate

e Layer 4-Vial

e Layer 5-Nichrome

e Layer 6-1Me

e Layer 7-Via2

e Layer 8-Bridge

e Layer 9-2Me
The process sequence steps applied to the HFET is described in the GaN foundry user manu-
al as follows [78]:

1. In the fundamental stage in the processing of the device, the Ohmic contact is defined
using the Ohmic mask and the contacts are deposited.

2. The second step in the process is the definition of the active area of the devices using
the Mesa mask, and etching the area outside it down to the buffer layer.

In the third step the gate metal in the channel area is deposited using the Gate mask.

4. The wafers are then passivated using a thin layer of dielectric. This is a critical layer
since it modifies the electrical properties of the surface of the AlGaN layer and pro-
vides added isolation between the substrate and metal layers after. Vial mask is used
to define openings in a resist layer to etch the needed openings into the dielectric.

5. Next a thin layer of Nichrome is deposited where resistors are required.
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6. lum of gold is used as the first level on interconnect metal. It is deposited using the
I1Me mask. The 1Me has contacts to the gate pads, the nichrome layer and the ohmic
metal.

7. Then a thin layer of dielectric is deposited to be used as the insulator in the MIM ca-
pacitors. The Via2 mask is used to define the vias for the openings in this layer.

8. In the next step, a second level of interconnect is introduced to bridge over other lay-
ers. It is defined in a temporary layer of a special resist using the Bridge mask.

9. In this step, another layer of interconnect is defined using the 2Me mask. This layer is

usually 1 pm of gold. 2Me is used to make the top layer of the MIM capacitors.

3.2 Conclusion

In conclusion, Gallium Nitride (GaN) is a new device technology that shows greater ad-
vantages beyond other materials such as GaAs and Si LDMOS for RF power amplifier de-
sign. Silicon LDMOS performance drops off as the frequency of operation increases to
>2.5GHz while GaAs suffers from low power even though it has potential to operate at high
frequency. This can be seen by the comparisons shown in figure 24 and figure 25. The mate-
rial properties of GaN produce devices that have high breakdown voltages and high power
densities that can operate at higher frequencies. This results in low parasitic capacitance and
high input and output impedances. High impedance levels and low output capacitance plays

an essential role in designing broadband amplifiers that are highly linear and efficient.

150 - 1
. _ - [ ft [ fmax .
100 -
75 - [
50 — [
25 - 1
Yf—F7
° Sic SIT ' SiCMESFET  AlGaN/GaN HEMT -
Figure 24: Comparison of highest reported ft and fmax for different RF device technologies
[50]
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Figure 25: Comparison of RF power density for different RF device technologies [50]

3.3 Transistor model evaluation with a Single stage GaN PA de-

sign using CGH25120F

Power amplifier design is a multi-step design procedure that is complex. Through the use of
accurate and reliable large-signal device models, the design process can be carried out from
start to end and the designer can have a reasonable idea of what to expect when the design is
fabricated.

The performance of the GaN MMIC Doherty amplifier designed in this thesis is assessed
based on the simulated performance using large-signal models. Hence, it was essential to as-
sess the accuracy and reliability of large-signal models for a new device technology as GaN
It was crucial to perform an experiment to validate the large-signal models for GaN devices
by comparing the measured and simulated behavior of a GaN power amplifier design. There-
fore, in this section an analysis of a classical printed circuit board (PCB) design of a single
stage class AB amplifier using Cree’s CGH25120F GaN HEMT transistor will be presented.
A comparative analysis of the performance between the simulated data using the large signal

model of CGH25120F and measured data of the CGH25120F will be discussed.
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The content of this section can be split into two distinct categories; theoretical simulations
using a large-signal model and practical performance testing. For the practical performance
testing, Cree’s Class AB evaluation board design for CGH25120F was utilized. Cree’s large-
signal model for CGH25120F was used to simulate the evaluation board design in Agilent’s
Advanced Design System (ADS) and Agilent’s Momentum. The performance of the simulat-
ed and measured data will be analyzed to assess the large-signal model of the GaN HEMT.
The frequency range of operation for this analysis would be the same range of operation as
the MMIC design presented in this thesis, which is 2.62-2.69GHz, which covers the range for
down link operation of LTE band 7.

3.3.1 DC analysis

As the first step in characterizing the GaN HEMT device, an analysis of the DC output and
transfer characteristics of CGH25120F will be discussed in this section. The operating points
of the HEMT corresponding to the different classes of operation can be easily assessed from
the transfer characteristics as shown in Figure 26. The plot represents the range of gate volt-
ages and the corresponding mode of operation with a drain voltage of 28V. The specified
quiescent drain current (Idq) for the CGH25120F evaluation board is 500mA [54]. The re-
sults of this analysis provide a better understanding of the bias voltage requirements and how
it is operated at an Idq of 500mA.

It can be seen from figure 26 above that the HEMT model predicts a rapidly increasing drain
current as the gate to source voltage (Vgs) exceeds around -3.4V with saturation occurring
around 0.8V.For class AB operation this transistor would need to be biased between the class
B operation and class A operation point. Since the datasheet recommends an Idq of 500mA, a
closer look at the class AB bias region is shown in figure 27. Figure 28 shows the DC output
characteristics of the GaN HEMT. The output characteristics provide a method to identify the

device’s linear and saturation regions.
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Figure 26: CGH25120F large signal transistor model’s transfer characteristic
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Figure 27: A closer look at the quiescent current (Idq) Vs gate to source voltage (Vgs) for
class AB operation of CGH25120F
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Figure 28: DC output characteristics of CGH25120F
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Figure 29: Test bench for DC analysis of Cree’s CGH25120F large signal transistor model

The above graphs clearly indicate that the required Vgs to achieve an Idq of 500mA is
around -3.02V.Such an operating point will allow for class AB operation of the CGH25120F
GaN transistor. Note that during the practical measurements in the lab, a Vgs of -3.26V
needed be applied to achieve S00mA for a 28V supply voltage.
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3.3.2 CGH25120F evaluation board matching network analysis

In order to evaluate the CGH25120F large signal model, first, the matching networks imple-
mented on Cree’s CGH25120F evaluation board was simulated in ADS and Momentum to
work out the impedances the evaluation board was designed to.

Load-pull simulations were further performed on the GaN HEMT to assess the contour re-
sults at the impedances of the matching networks extracted from the previous step. Since
Cree designs their evaluation boards based fully on Load-pull data extracted from the large
signal models, the simulated results and measured results are expected to yield results with-
out much deviation. The dimensions of the distributed elements in the matching networks
and the bill of material of the CGH25120F printed circuit board was extracted from the CAD
files received from Cree in .dxf format. Substrate properties such as height (20 mil), loss tan-
gent (0.004) and relative dielectric constant (3.66) used in the simulations resemble the prop-
erties of Rogers 4350B material used by Cree. The ADS schematic for the input and output
matching networks of CGH25120F, including their gate and drain bias networks are present-
ed in figure 30 below. The Momentum layout of the input and output matching networks

with bias feeds are presented in figure 31 and figure 32 below.
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Figure 30: ADS schematic of CGH25120F evaluation board matching networks ; (a)
input matching (b) output matching
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Figure 31: Layout of CGH25120F evaluation board input matching network with bias feeds

Figure 32: Layout of CGH25120F evaluation board output matching network with bias feeds

Table 3 summarizes the measured and simulated gate and drain impedances achieved at

2.650GHz.
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Table 3: Comparison of measured and simulated impedances of CGH25120F

Datasheet measured || Impedance of the Impedance of the
impedance of the simulated structure || simulated structure
evaluation board at with Momentum with ADS at
2.650GHz at 2.650GHz 2.650GHz

Impedance seen by , . )
Impedance seen by , . )
the device drain 3.98-1.37) 3.35-2.87] 4.22-2.53]

From this table, it can be been that both momentum and ADS simulations provide close im-

pedances to the measured impedances stated on the datasheet [54] for the CGH25120F eval-
uation board. Since momentum simulations would provide the closest estimation of the actu-
al effects of the copper structures, for further assessment of the CGH25120F large signal
model, the evaluation was carried out in co-simulation using momentum structures. The dif-
ferences in the datasheet stated impedances versus the simulated impedances could be due to
several reasons. If the output matching structure of the datasheet is compared to the output
structure of the evaluation board , it can be seen that the datasheet output structure is slightly
different; it has an additional open stub in the matching network (refer to figure 73 and figure
73 in Appendix A) which would change the impedance seen by the device. The lumped com-
ponent models may not model all parasitic effects which would also alter the impedances.
Load-pull simulations are an important step to understand the behavior of a large signal mod-
el. The optimum impedance of a device can be extracted through non-linear simulations if
accurate large signal models are available. Agilent’s ADS Load-pull simulations show the
performance of the large signal model under different load conditions using harmonic bal-
ance (HB) analysis.

Load-pull simulations performed on Cree’s CGH25120F large signal model are shown in
figure 33 and figure 34. Single tone simulations were performed with fundamental source
(Zs) impedance of 4.32-10.9j, drain voltage of 28V and gate voltage of -3.02V to achieve an
Idg of 500mA at 2.650GHz. At the given bias point, input power and frequency, output pow-

er contours elliptically in a 0.6dB step and power added efficiency in a 5% step.
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Figure 33: Simulated efficiency and power delivered Load-pull contours at the load imped-
ance from the simulated momentum structures for CGH25120F evaluation board

Figure 33 shows the simulated contour lines for Power added efficiency (PAE) and power
delivered to the load (Pdel).Although the highest achievable efficiency for this device is
55.97%, the evaluation board has been designed at an impedance of 3.35-2.87; where the
efficiency is around 40% at an output power of 46dBm. This indicates that the impedance has
been selected to have a good compromise between linearity and efficiency. This assumption
can be further established by observing the IMD3 contours extracted from the two-tone
Load-pull simulations. From figure 34 it can be seen that, although the PAE and Pdel con-

tours rotate in the same direction, the IMD3 contours rotate differently. This indicates that a

higher efficiency impedance point could yield lower linearity.
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Figure 34: Simulated IMD3, efficiency and power delivered Load-pull contours from
the simulated momentum structures for CGH25120F evaluation board

3.3.3 Comparison of Measured and Simulated Performance of

CGH25120F

In order to determine the performance of the CGH25120F large signal model, gain, drain ef-
ficiency and compression points have been characterized with the measured and simulated
test setups. The simple measurement setup for such characterization includes a power meter,
signal generator and power supplies as shown in figure 35. The measurement setup has been
fully calibrated to accurately determine the large signal performance. An image of the actual

setup can be found in appendix C. Table 4 summarizes the simulated and measured data col-

lected at the centre band of 2.65GHz.
Table 4: Measured and simulated performance data of the CGH25120F evaluation board

P3 dB Gain(dB) at 2.65GHz for || Drain efficiency at 2.65GHz
(dBm) Pout of 46dBm for Pout of 46dBm

14.03 39.9 %
13.68 45.03 %
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Figure 35: Measurement setup of CGH25120F evaluation board
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Analysis of the 3dB compression points and gain suggests that the simulated design provides
very close results to the measured results. Figure 36 depicts the compressions points of the
simulated and measured CGH25120F design. Measurements were performed with a pulsed
CW signal with a 12% duty cycle from the signal generator. Simulated performance has been
done using a single tone source. Note that although P1dB is the fundamental metric of esti-
mating linearity of an amplifier, for some devices types with certain characteristics, assessing
the P1dB point may not be as apparent. For instance, due to the smooth transition from the
linear to the saturation region, GaN amplifiers typically define their output power at the 3dB
compression point. This can be clearly seen by the measured data in figure 36. The measured
and simulated 3dB compression points for the CGH25120F design only deviate by 0.8 dB.
Even though the simulated P3dB point is very close to the measured data, the large signal
model does not seem to model the true transition characteristics from the linear to the satura-
tion region of the device. The measured gain data depicted in figure 37 has been done using a
10MHz LTE signal with a 7dB PAR at 0.01% probability on CCDF. As revealed in figure
37, measured and simulated gain differs only by 0.4dB at the band centre (2.65GHz). Alt-
hough, the simulated gain predicts a flat response for the full band of 2.62-2.69GHz, the
measured gain shows a roll off around 0.5dB at the band edges.

Again, the large signal model fails to fully predict the over frequency response of the
CGH25120F design. In figure 38, the measured and simulated drain efficiency is shown to be
different by approximately 5%, where the measured data shows the higher efficiency of 45%.
Overall, the large signal simulations predicted the gain and P3dB performance quite well.
Although the simulated efficiency results were 5% less than the actual measurements, the
large signal model does give a good indication of the expected measured performance. What
the large signal model seem to lack is to accurately predict the over frequency and over pow-
er performance of the device. Other factors can also contribute to the difference in the meas-
ured over frequency response, that may not be captured in the simulated environment accu-
rately, such as coupling effects, parasitic effects of the lumped elements, SMA connector im-

pacts and so on.
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Figure 36: Measured and simulated compression curves for CGH25120F
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Figure 37: Measured and simulated gain over frequency for CGH25120F
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Figure 38: Measured and simulated drain efficiency over frequency for CGH25120F

Chapter 3 Semiconductor Technology Selection and GaN Large-Signal Model Evaluation 69



Chapter 4 Doherty Power Amplifier Design Implementa-

tion & Results

4.1 Doherty Amplifier Design for a SW pico-cell base station

In this section a MMIC design of a Doherty power amplifier in Gallium Nitride (GaN) tran-
sistor technology will be provided. This entails a detailed design procedure of a two way
symmetrical Doherty amplifier for a SW base station and its performance evaluation in LTE
band 7. A concise summary of the design procedure will be followed by the design, simula-
tion and characterization of the amplifier. It features a link budget analysis along with device
characterization, DC simulation, load pull characterization, design and optimization of bias
networks and matching circuits. Two 8 x 200um GaN HFETs will be utilized for each main
and peaking amplifiers in Doherty configuration on a 10mm x 11.5mm chip. The design of a
Doherty amplifier is an intricate procedure that involves the design of several sub circuits
such as the main and peaking amplifiers, power combiner and divider networks. This section
will present the design of each sub circuit in detail and finally an analysis of the final
Doherty amplifier performance. Section 4.1.9 will present a discussion on the layout design

of the two-way Doherty amplifier. Results of the designed PA will be provided in section 4.2.
4.1.1 Design Specifications for LTE

The foremost step in designing a power amplifier is to specify the system requirements.
Since the goal of this thesis is to realize a Doherty power amplifier for LTE applications, the
specifications would be based on standards developed by the third generation partnership
project (3GPP).

LTE was introduced in 3GPP Rel8. Its radio access is referred to as Evolved UMTS terrestri-
al radio access network (E-UTRAN). LTE can use QPSK, 16QAM or 64QAM modulation

schemes, and can be either frequency division duplex (FDD) or time division duplex (TDD).
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It can support up-to six different channel bandwidths of 1.4MHz, 3MHz, SMHz, 10MHz,
15MHz, and 20MHz, which provides more deployment flexibility than previous systems.
According to 3GPP specifications, LTE can provide more than 100Mbps of maximum down-
link speed [6]. Although the traditional pico-cell base station output powers typically range
from around 200mW-1W [79], recently developed pico-cell base stations announced by ven-
dors such as Nokia Siemens Networks and Huawei are fairly large devices, with transmit
powers of 2 X SW (2 X 37dBm)[84]. Hence, this project will focus on a power amplifier de-
sign that is suitable for a pico-cell base station with an output power of SW.

Another important design parameter is the crest factor or the peak to average power ratio of
the signal (PAPR). The PAPR depends on the number of data channels being used. Therefore
higher data rates results in very high peak to average ratios. LTE offers variable data rates of
more than 100Mbps which result in large peak to average ratios of 6dB and higher at 0.01
clipping probability [80].

ACLR is another important design specification. There are two ACLR measurements in LTE,
E-UTRA ACLR and UTRA ACLR. E-UTRA uses LTE to LTE adjacent signal, and UTRA
ACLR uses LTE to WCDMA adjacent signal. The frequently used the limit for UTRA
ACLR is -36dBc and -33dBc for E-UTRA ACLR [81]. Often base station power amplifier
ACLR is measured on a system with a linearization technique such as digital pre-distortion,
where typical minimum correction is around 25dB. Hence, if the intent is to use the PA de-
sign with a linearization technique such as digital pre-distortion, less emphasis can be placed
on linearity during the design of the PA and trade-offs can be made to place more emphasis
on efficiency or gain. Design requirements for the pico-cell baste station power amplifier de-

signed in this project can be summarized in Table 5.

Table 5: Design requirements

Operating Frequency (LTE Downlink operating band 7) *° 2.62-2.69GHz
Base station average output power (Pout)

Gain at PA output
Average power added efficiency (PAE)

* Refer to section 4.1.3 for detailed calculations

Power Amplifier average output power (PA Pout)*
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4.1.2 Design procedure

Following design procedure was followed to realize the Doherty amplifier:

1. Determine the GaN HFET sizing (number of FETs, number of fingers, unity gate
width) to achieve the power required

2. Determine the bias point for the main and peaking amplifier to achieve the desired
operation in Doherty topology.

3. Design DC bias circuit.

4. Set the selected input impedance as the source impedance and load pull the device.
From the contours, determine output impedances required for low and high power re-
gions of operation. The load seen from the main amplifier at the low power region
when the peaking amplifier is still off should ensure maximum efficiency at a saturat-
ed output power 3dB less than the maximum PA output power as per Doherty opera-
tion discussed in chapter 2. The second main amplifier load for the high power region
should ideally assure maximum output power with roughly the same efficiency.

5. Once the desired loads have been found, design the output matching networks

6. Design input matching networks.

7. Design the Doherty combiner. Doherty output combiner consists of a quarter- wave
transmission line with the characteristic impedance of R and a quarter-wave trans-
mission line that transforms from R,/2 to 50 Ohm, which is the required system out-
put impedance.

8. Complete Doherty PA design

a. Utilizing the designed input/output matching structures, combine the Class
AB and Class C biased amps with the Doherty combiner.

b. Adjust the main and peaking amplifier offset lines to optimize the perfor-
mance. Due to die and package parasitics and external matching circuits, the
required 2 R, interface at the main amplifier device plain in the low power
regime may not necessarily result in a purely resistive translation at the load
line, therefore phase compensation will typically be required to rotate the load
line impedance back to the real axis for the desired resistive load. Same ap-

plies for the peaking amplifier, which would also require an offset line. Note
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that the offset lines will not affect the overall matching condition and load
modulation because they are matched to the characteristic impedance of 50

Ohm.
9. Verify out power, efficiency gain and other requirements of complete power amplifier
over frequency once layout components are realized in the design. Figure 39 below
summarizes the sub blocks required for the Doherty design procedure discussed

above.

Main offset
line

Main device

IMN OMN
RF in 2dB
O .
Hybrid —

Peaking device
o 7 z N4 —O
\_1 l%/ Peaking offset Z; \/[ 50 x 25)
line

Figure 39: Doherty Amplifier design blocks

Output

IMN

4.1.3 Device Sizing

The required FET size (number of fingers x gate width) is dependent on the required power
amplifier output power, peak-to-average power ratio (PAPR) of the signal and the power
density of the device. The peak to average ratio depends on the number of data channels be-
ing used in a specific standard. LTE offers variable data rates which would result in peak to
average ratios of 6dB and higher .Therefore 6dB PAPR was selected to the estimate the re-
quirements for this project. Following calculations were performed to assess the device size.
Primary step is to assess the losses between the power amplifier and the base station antenna
to calculate the required output power from the Doherty amplifier. Typical worst case back
end losses at 2.6GHz would include microstrip losses (0.1dB) + directional coupler (used to

couple the output signal for linearization) insertion loss (0.3dB) + output circulator insertion
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loss (0.3dB) + output connector loss (0.2dB) + duplexor filter insertion loss (2.1dB), which
would total to around 3.0 dB of losses. Hence to have an output power of SW (37dBm) at the
pico-cell base station, the power amplifier average output power needs to be 37dBm + 3.0dB
= 40 dBm. Therefore the assumed average PA output power (Pavg) = 40 dBm and PAPR =
6dB. Typically amplifier devices are sized such that P1dB (dB) = Pavg + PAR =40 + 6dBm
=46dBm (40W). Therefore the total required device size would be 40W.

In a two way Doherty configuration each device size would be 40W /2 = 20W per

main/peaking amplifier. The Device power density can be calculated using the following:

Device power density = Vireataon Lo (4.22)

22 242
From the I-V curves of the GaN MMIC design foundry manual [78]: Vireakdown = 100 V, Ljss =
0.55A. Applying this to equation (4.22), would give a device power density of 6.875 W/mm.

Since the devices would be operating at a lower current than Idss, 6.5W/mm was used for the

estimation.
The required gate width would be =20W /6.5W =3.08 mm
The largest gate fingers available in foundry =8 x200um = 1.6 mm

Therefore the minimum number of 8 x 200um cells required = 3.08 mm / 1.6mm = 1.92.
Thus, two 8 x 200pm cells per main and peaking amplifier were used. All simulations will be

performed using the ADS GaN MMIC design foundry provided by NRC.
4.1.4 DC analysis

The Doherty configuration requires two different biasing for the main and peaking stages
.Both main and peaking amplifiers are designed to deliver maximum power with optimum
efficiency at a specified load. Analysis of different classes of power amplifier shows that the
required performance of the main amplifier can be very closely achieved by biasing the tran-
sistor in Class AB or B mode of operation. The peak amplifier is made active only during the
peaks of the input signal and hence is designed to only amplify signals that cross a minimum
threshold. This is achieved by biasing the device below its pinch-off voltage for operation
similar to class C. For this project, the main amplifier was chosen to be biased in class AB
and the peaking in class C. The transfer characteristics and IV curves of the GaN HFET un-

der consideration is shown in figure 40 and figure 41 below.
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Figure 41: I-V curves for two 8 x 200um HFETs

The operating points of the device corresponding to the different classes of operation can be
easily judged from the transfer characteristics .The IV curves and the transfer characteristics
of the two 8 x 200um GaN HFETs show that Vgs = -3.0V achieves Ids of approximately
0.303mA (~15% Idss) at Vds =20V for class AB operation of the main amp. Pinch-off volt-
age seems to occur around Vgs = -3.8V. Therefore for class C operation, the peaking amp
would need to be biased below Vgs = -3.8 V at Vds =20V. The plot represents the range of
gate voltages and the corresponding mode of operation. Table 6 summarizes the biasing for

the main and peaking stages.
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Table 6: Main and peaking amplifier gate bias voltages for class AB and class C operation

Class of operation Drain Voltage Gate Voltage

o
C (peaking amp) Less than -3.8V

4.1.5 Main and peaking amplifier design

As any standard power amplifier design, matching networks at the input and the output are
required to transform the input and output impedances of the device to a desired standard real
load impedance .Therefore, to start with, the optimum input and output impedance of the de-
vice needs to be determined. For a standard symmetrical two-way Doherty design, the main

and peaking amplifiers would have the same matching network designs.
4.1.5.1 Optimum load selection

Load pull simulations provide a means to determine the optimum complex impedance that
needs to be seen by a device to achieve a certain performance. Impedances acquired from
load pull will assure the compensation of the device output reactance, since other calculated
estimations of optimum impedances would not account for the parasitics of the device.

Note that the source impedance was set to the conjugate of the impedance looking into the
device input. According to simulation results of the load pull analysis presented in Figure 42
and 43, the load impedance that would enable the transistor to operate at maximum output
power and efficiency is 21.6+3.7j. This selected impedance would be the impedance seen by

the main amplifier at the high power region of operation.
4.1.5.2 Main and Peak amplifier matching network design and verification

The input matching network of the main amplifier has been designed to fulfill the complex
conjugate matching conditions. The simulated input impedance was 1.36 - 4.0j. The imagi-
nary part of this input impedance at the desired frequency needs to be cancelled. This ensures
that the source is resistive and the entire input signal at the fundamental frequency is con-

verted into real power.
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Figure 43: Simulated load impedances with Vds=20V and Vgs=-3.0V

The simplest way to cancel the imaginary part is to create a series inductor to negate the reac-
tance of the series capacitance. Hence, the input was matched with a series inductor of

0.243nH in order to make the output impedance real. This will also facilitate the impedance
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transformation with the quarter wave line. The characteristic impedance of the input quarter
wave line was calculated to be 8.3Q. With the substrate parameters defined in the Gallium
Nitride MMIC Foundry Design Manual used in this project [78], the required width and
length of the quaterwave transformer would be W = 5079.6 pum, L =9730.9 um.

Since this large W and L would take up too much layout area, the equivalent circuit of the

quarter wavelength line was calculated using basic microwave theory as follows:

X
—T— VT ——
L1
o—{ Transmission line p—o o ]
Port A Port B . -iX
c2 3
o o

Figure 44: Quarter wave transmission line equivalent model

where L = Zy/ (2I1f) and C = 1/ Z, (211f) .By using Zy= 8.3 Q and = 2.655GHz we obtain:
L1 = 0.496nH and C2 and C3 = 7.23pF. The complete input matching network with ideal

components is presented in figure 45 below:

L
L
L3
L=0 426 nH J1L

S e
f= L Temm
c L1 ——
R ga L=0.243 nH 20134
B To=1.73 pfF R=
5o TR el i Meodr23 pf it <

+/4 wave equivalent
circuit

Figure 45: Input matching network with ideal components
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The results of the load pull analysis from section 4.1.5.1 show that the device needs to see an
output impedance of 21.6+3.7; for its optimum high power performance. Several options
were available to achieve this match from the output load impedance of Zout to 50€2, but tak-
ing layout area constraints in to consideration, a lumped element match was the selected as
the optimum match. ADS’s Smith tool was used to calculate the required shunt inductance
and series capacitance. The match presented in figure 46 below, sits well within a Q=1 circle

to ensure a low Q match to maximize the bandwidth.
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Term2 - C Term

Num=2 [’ cC14 Nunm=1

Z=50 Chimn 3 2.85 nH C=2.8 pF Z=21.7+3.7* Chmn

Figure 46: Output matching network with ideal components
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In order to verify the selected impedance points for the main peaking amplifiers, the HFET
was operated in class AB mode and class C mode with GaN foundry elements in ADS. Ini-
tially ideal components were used to realize the matching .Secondly the components were
replaced by foundry elements and tuned to achieve the optimum performance. Figure 47
shows the input and output matching networks with GaN foundry schematic elements.

The simulated main amplifier performance characterization with foundry schematic elements
is shown in figure 48 below. The main amplifier has a saturated output power approximately

6dB below the estimated peak power as required in a Doherty operation.
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Figure 48: Main amplifier single-tone simulations at Vdd =20V, Vgs=-3.0V, (a) Output
power Vs gain, (b) Output power Vs Power added efficiency

The peaking amplifier is designed to operate to reach the device maximum output current for
a class C operation. For a symmetrical 2-way Doherty design, the peaking amplifier would
utilize the same output and input matching networks. The key point is to select the suitable
bias point to ensure proper turn on conditions. Hence the peaking amplifier bias is set so that
it enters its active region at the 6dB back-off with respect to the total Doherty maximum out-

put power. The peaking amplifier simulated performance is shown in figure 49.
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Figure 49: Peak amplifier single-tone simulations at Vdd =20V, Vgs=-4.9V, (a) Output
power Vs gain, (b) Output power Vs Power added efficiency

Looking at the gain and efficiency of the amplifier under class C bias conditions, it can be
seen that the peaking amplifier has around 51% power added efficiency (PAE) at 46 dBm
output power. It is interesting to note the expected non-linear gain of class C operation
properly being predicted by the GaN model. It is also important to note from the gain plot,
that the peaking amplifier turns on (non-zero gain) around 6dB backed off from the peak
output power .This ensures that the peaking amplifier will turn on at the expected level when

working with the main amplifier.
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4.1.6 Bias network design

Like in any PA design, the DC biasing circuitry had to be properly designed to isolate the DC
signal from the RF signal through the use of RF chokes and blocking capacitors. The RF
chokes are designed to have high impedance only over the vicinity of the design frequency.

Several options were considered for the bias networks for this project:

4.1.6.1 Quarter wave feed with a shunt RF resonant capacitor

The goal of this circuitry is to isolate RF signals from DC that is sent to the transistor from a
power supply for biasing. In any RF design, capacitors act as RF bypass or DC block filters.
A DC block is a series capacitor that has low reactance for the RF frequency of interest (an
RF short), but blocks DC because it is an open circuit at zero hertz. A RF bypass is a shunt
element that acts like a short circuit to microwave signals .Therefore, in a gate/drain biasing
network ,there could be a configuration of a quarter wave transmission line and a shunt RF
resonant (at the fundamental operating frequency) capacitor at the end of it. This RF cap
would present an open circuit at RF frequency to isolate RF from DC. With a quarter wave
length transmission line, if started with an open circuit, one quarter wavelength away it will
see a short circuit. If it started from a short circuit, one quarter wave away it will have an
open circuit. The quarter wave length concept can also be implemented such that dual bias
feeds of half of quarter wave lengths (A/8) are used on either side of the drain or the gate. For
this project this type of bias network was selected for the device drain side. The characteristic
impedance of the bias feed for this project was selected to be 1002, which would result in a
line length of 5825um for A/8. A 27pF was be utilized as a resonant capacitor. Additional de-
coupling capacitors could also be added to the bias network to present low impedance at
baseband frequencies to minimize memory effects of the amplifier. The baseband capacitors
tend to be in the order of 10uF, 100nF, 10nF. These should not have an impact on the match-

ing structures in RF frequencies.
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4.1.6.2 Quarter wave feed with a radial stub

One of the limitations of the bias network described in 4.1.6.1 is the RF bandwidth limitation
due to the parasitic effects of the shunt resonant capacitor. To resolve this problem a radial
stub can be used to provide the RF short instead of the resonant capacitor. Radial stubs would
serve the same purpose as the previous option but with an added advantage: they provide bet-

ter bandwidth. The length and angle of the radial stub can be calculated as follows:

/
e/

In order for a radial stub to work well, a needs to be 90< o <120 and the radius b-a = M/6.

Figure 50: Radian stub

If a = 90, using the Pythagoras theorem the length “a” can be calculated as follows:

Figure 51: Radial stub section

The height W is the width of the microstrip which is calculated to be 390 um for a 50 Q line
with the substrate definitions in [78].

W 390um

=685.3
cosa  cos45s #m

With the following:
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C 3x10°
f 2.655GHz

b-a= 4 A=

6
The calculated radius “b” would need to be around 19.7mm. The main disadvantage of the
radial stubs is the circuit size. For this project as seen above, at the fundamental operating

frequency the radial stubs proved to be too large to be implemented.
4.1.6.3 Lumped element bias network

The drain and gate bias networks could also be replaced by a lumped element network. Typi-
cally an inductor, with high impedance at the fundamental frequency would be used in series
with a resistor that would be used to ensure stability on the gate side of the device. The series
resistor would be placed as close as possible to the date to ensure stability of the device. An
approximate value of resistance can be estimated by 400/Psat [19], where Psat is the saturat-
ed power of the device. With the requirements of this project, the resistance would be 32Q
and inductance would be 33nH.

The intent was to use lumped circuits for the gate bias network, employing large inductors
and resistors, while a semi-lumped structure with a A/8 line and a resonant capacitor was in-
tended for the drain bias networks. Yet, the final implementation was done using the semi-
lumped structure with a A/8 line and a resonant capacitor for both drain and gate bias net-

works.
4.1.7 Doherty Combiner design

As shown in figure 52 below, the Doherty combiner consists of two quarter wave lines. The
first A/4 wave line with Zy= 50Q is required for load modulation. The second A/4 wave is re-
quired to combine the main and peaking amplifier and to transform Zy/2 to the desired sys-

tem impedance of 50Q.
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The characteristic impedance of the transformer Zt has been calculated as 7t = v (
Zioad X Zo/2) =  (50x 25) = 35.35 Q. The initial design has been implemented using ideal
transmission lines, which was later replaced with meandered transmission lines, which will

be discussed in section 4.1.9.
4.1.8 Implementation

With all sub circuits in place, the complete Doherty design can now be assembled as parallel
blocks. Identical GaN HFETs are used as main and peaking amplifiers with both output
matched to 50 Q to have a load impedance of 21.6+3.7j. A 50 Q quarter wave line is utilized
for load modulation and a 35.35 Q quarter wave line is used to transform the impedance at
the combiner node to the required system impedance of 50 Q. The input signal is split into
two quadrature components having a 90 degrees phase difference by the hybrid divider. The
split input signals are applied to two stages, the main and peaking, which are identical except
for their gate bias levels. The main is connected to the in-phase port of the hybrid with 0 de-
grees output and the peaking is connected to the quadrature port of the hybrid with 90 de-
grees output. This compensates for the phase mismatch caused by the quarter-wave line at
the output of the main stage used for load modulation.

Additional offset lines were added at the output of both the main and peaking amplifier after
the output matching networks to optimize Doherty performance. The reason for this is, due to

die and package parasitics and external matching circuits; the required 2R,y interface at the
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main amplifier device plain in the low power regime may not necessarily result in a purely
resistive translation at the load line. Therefore phase compensation will typically be required
to rotate the load line impedance back to the real axis for the desired resistive load. The peak-
ing amplifier would also require an offset line. Typically the transistors suited for the peaking
stage of the Doherty power amplifiers have large shunt and feedback capacitances, which
render strongly to reactive output impedances with low resistance. Therefore at the low pow-
er regime the peaking amplifier would not be a perfect open at the transition point which will
cause improper load modulation. This causes power leakage from the main amplifier to the
peaking amplifier which degrades the efficiency performance. The complex output imped-
ance of the peaking stage due to the parasitic feedback and shunt capacitance makes pure re-
sistive load modulation harder to achieve. Therefore offset lines for the peaking amplifiers
are required in order to transform its output impedance closer to an open circuit. Note that the
offset lines will not affect the overall matching condition and load modulation because they
are matched to the characteristic impedance of 50 Ohm.

The following procedure was used to tune the offset lines for the main and peaking amplifi-
ers:

1. Disable the peaking amp and adjust the length of the delay transmission line at the
output until 2xRopt impedance is purely real as seen by the main amp at the input of
the quarter wave transformer.

2. Disable the peaking amp and tune the delay at the input to maximize the efficiency of
the main amp. This effectively removes the imaginary component of the load line at
the die reference plane and establishes the correct slope.

3. Bias the peaking amp in class AB and adjust the output delay line so the main amp
and the peaking amp load impedances are purely real.

4. Decrease the peaking amp gate bias until the Doherty amp performs as desired.

5. Figure 53 shows the schematic diagram of the complete Doherty amplifier with the

parallel combination of main and peaking amplifier blocks with all sub circuits.
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4.1.9 Layout design

The layout aspect of the design comprises the conversion of the schematic design into some-
thing that is able to be fabricated by the foundry. Due to coupling and parasitic effects that is
not accurately modeled in the schematic, the both lumped and distributed elements had to be
tuned in the layout design. The approach for the layout is to perform EM simulations and ad-
justments after each individual addition to the layout. This will allow more control over the
coupling effects and will increase the likelihood of the layout yielding results close to the

fabricated design.
4.1.9.1 Passive Components

This section would discuss the passive components implemented in the layout design of the
Doherty PA. At LTE band 7 frequencies, the design kit passives are all within their self-
resonance frequency. Therefore MIM capacitors and spiral inductors provided in the design

kit were used.

Capacitors

The capacitors required for this project are implemented using Metal-insulator-metal (MIM)
capacitors. A MIM structure is used to fabricate capacitors in a two-metal-layer process. The
MIM capacitors used in this project are formed by layer 2Me on top of layerIMe. A thin
layer of silicon nitride is used as the dielectric layer. The capacitance of the MIM structure is
0.58 fF/sq.um. The connection to the top plate is by Air Bridge. The top plate of the capaci-
tors in the design kit is limited to 150pum x 150pm. This limits the maximum capacitance to

13.5pF. The figure 54 below shows the layout of the input matching capacitor.

Figure 54: MIM capacitor layout
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Inductors

The inductors required for this project are implemented using Spiral inductors provided in
the GaN design kit. Inductors are wound round a central empty area, with a recommended
minimum size of 50x50um. Various inductor parameters such as the line width, line spacing,
inner dimension and number of turns for each were altered to achieve the required induct-
ance. Note that a smaller inner dimension resulted in a higher self-resonance, larger line
width and line spacing resulted in a higher Q and increased number of turns decreased the
maximum useful operating frequency of the inductor. The figure 55 below shows the layout

of an inductor from the output matching network.

Figure 55: Spiral inductor layout

4.1.9.2 Bonding Pads

The bonding pads provide an interface between the IC and the external circuit. Two types of
bond pads were used in this project. One type is for RF connections and the other is for DC
connections. For the first type of bond pad, the characteristic impedance plays an important
role. They are designed to be 50 Q from the probing location all the way to the transmission
line. The pitch between the pads is 250 um to ensure proper probing. The bond pads used for
DC interconnections are much simpler since the characteristic impedance would not be of
relevance. The only design criteria would be to make them dense to conserve layout form
factor. Figure 57 below shows the DC supply bond pads used in the design. The pitch be-

tween the pads is 150 um to ensure proper probing.
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Figure 56: RF bond pads
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Figure 57: DC bond pads

4.1.9.3 Bias circuit

In section 4.1.6 the type of bias circuits considered and the selected bias circuit design was
discussed. The selected gate and drain bias circuit design was a quarter wave transmission
line with a capacitor that is self-resonant at the band center frequency. The figure 58 below
shows the biasing circuit employed in the layout .Although the initial plan was to employ a
different bias circuit for the gate side with a resistor to enhance stability to minimize the pos-
sibility of oscillations, due to time limitations, the same bias circuit design was employed at

the gate and drain for both main and peak amplifiers.
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Figure 58: Layout design of bias circuit

4.1.9.4 Layout input and output matching networks

In section 4.1.5.2 schematic components were used to realize the matching. Then the compo-
nents were replaced by layout foundry elements and additional transmission lines were in-
cluded to realize the layout. In order to null the ESR and ESL effects of the lumped elements
of the foundry and to take into account capacitances and inductances of the added distributed
elements, matching component values needed to be tuned to achieve the optimum impedanc-
es. Figure 60 and figure 61 depicts the schematic and layout designs of the matching net-
works. In reference to the following elements in figure 59, input matching components were

tuned as follows:

la X X
i il A e 1 2 4112
T ——" 1%
[y 3
o - &

Figure 59: Tuned input matching equivalent circuit
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Table 7: Input matching components before and after tuning

Component Original Tuned
match match
IENER TR T

L1
L2
C2

Output matching L and C values were changed as follows after tuning:

Table 8: Output matching components after and before tuning

Component Original Tuned
match match

Following table summarizes the simulated verification results of the tuned layout match:

Table 9: Layout and schematic class AB performance summary

Class AB performance @
Parameter 2.655GHz in schematic de-

sign

Class AB performance @
2.655GHz in layout design

Compressed Pout 39.7 dBm 40.23dBm
Efficiency at compressed Pout 52.6% 49.98%

Gain at compressed Pout 10dB
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4.1.9.5 Doherty combiner layout

In order to fit the full design in a 10mm x 11.5mm layout area, the Doherty combiner had to

be meandered as shown in figure 62 below:

Main  —»

amplifier M Zp=300

W4, Zr=(50x Zo/2)

+— Qutput

Peaking
amplifier

Figure 62: Doherty combiner layout

To verify the Doherty combiner design structure, a secondary set of impedances can be de-
fined as per figure 63 at nodes A, B and C with 502 load terminations.
If all three nodes (A, B and C) in figure 63 were terminated with 500hm, the impedances

looking into each node of the combiner would be:
A= 150Q= (Zo” / impedance 17 Q at node B)
B =17 Q= (50 Q parallel with 25 Q)

C=50Q

The simulated designed combiner impedances are reported in Figure 64.
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Figure 63: Doherty combiner verification
/""/ AN m1
/ N\ freq=2.655GHz
/ \ [S(11)=0499/-0522
/ T \ impedance = 149.639 - j1.811
JH \\\ i m2
/ ) - |\ freq=2.653GHz
o | m i . S(3,3)=0.485/174.982
YT m3 1 P4, .
e { 4 Y & \ impedance = 17.350 + j1.927
nW D i. : ! ;.' ] m3
\ X freq=2.655GHz
\ | [S(2,2)=0.004 / -148 434
\ /; impedance = 49.649 - j0.215
\\ /
™ e

freq (1.000GHz to 3.000GHz)

Figure 64: Verification of layout design of the Doherty combiner

As seen in figure 64, the designed combiner provides impedances close to the targeted im-

pedances at each node.

Chapter 4 Doherty Power Amplifier Design Implementation & Results 96



4.1.9.6 Complete Doherty amplifier layout

Figure 65 below depicts the complete layout of the designed MMIC Doherty amplifier.

9950.000 um

1
T

L —
|

Figure 65: Layout of the designed MMIC Doherty amplifier
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4.2 Doherty amplifier Performance Evaluation

This section of the report provides the single and dual tone simulation results of the designed
Doherty Power Amplifier. This segment also discusses various optimization methods to tune
the design for either optimum efficiency or linearity. Finally a literature study is presented to
compare the designed MMIC Doherty amplifier performance to previously published MMIC
amplifiers. The performance analysis of the designed Doherty topology was executed in co-
simulation of Agilent’s Advanced Design System 2009. B efore proceeding with the large
signal performance evaluation, a small-signal S-parameter characterization was performed on
the Doherty amplifier under a fixed drain bias of 20V and gate bias voltages of -3.0V and -
4.9V for the main and peaking amplifiers respectively.

The simulated small signal parameters S11 and S21 are shown in figure 66 below. It can be
observed that the Doherty amplifier provides a return loss of -14dB over the bandwidth of
2.62 to 2.69GHz.However, a frequency shift in the return loss can be observed. A flat small
signal gain of approximately 11.0dB has been measured over the frequency range of 2.62 to
2.69GHz.This accounts for the required bandwidth of the LTE band 7 base station applica-

tions.
4.2.1 Large signal single tone simulations

In order to assess the large-signal performance of the Doherty amplifier single-tone and two-
tone large signal simulations have been performed with a fixed drain bias of 20V. Figure 67
(a) and (c) show the single-tone power added efficiency response of the Doherty amplifier
along with that of a conventional class AB power amplifier. The figure clearly depicts that
the Doherty power amplifier has higher efficiency over a wider range of output power com-
pared to a Class AB power amplifier of the same power sizing. The key point to note is the
17% increase in efficiency at the back off power level of the Doherty power amplifier. Alt-
hough a relatively constant efficiency is expected in the full 6dB back off range, a slight dip
in the PAE between the two peak points can be noticed. This is due to the lower gain of the
peaking amplifier from Class C operation. This situation could be overcome by having an
unequal power division at the input, delivering higher power to the peaking amplifier than

the main amplifier [49].
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Figure 66: Simulated small signal S-parameters of the Doherty Amplifier

Figure 67 (b) shows the gain vs output power of the Doherty amplifier. Note the reduced gain
in Doherty mode in the upper 6dB range. This caused by the class C bias of the peaking am-
plifier. With this class C bias, itis typically difficult to match the gain of the full Doherty
amplifier to be greater than the main amplifier. Also note that, as per theory, the saturated
output power of the Doherty topology is approximately 6dB higher than the main amplifier

saturated output power which was shown in figure 48.
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Figure 67: Single tone simulations with Vdrain=20V, Vgs main=-3.0V,Vgs peak=-4.9V (a)
Power added efficiency of the Doherty amplifier (b) Gain of the Doherty amplifier (c) Com-
parison of Power added efficiencies of Class AB and Doherty amplifiers

4.2.2 Large signal two tone simulations

Two tone simulations were performed to qualitatively analyze the linearity of the Doherty
amplifier. Figure 68 shows the simulated third and fifth order intermodulation products
(IMD3 and IMDY5) of the Doherty amplifier at its nominal bias points for main and peaking
amplifiers (Vdrain=20V, Vgs main=-3.0V, Vgs peak=-4.9V) at 2.655GHz with tone spac-
ing of IMHz. Due to the distortion caused by the low biasing of the peaking amplifier the
intermodulation distortion of the Doherty amplifier looks to be poor. By altering the bias
conditions of the peaking amplifier, proper turn on characteristics can be achieved to sup-
press these distortion levels. This would be further discussed during Doherty topology opti-
mization in section 4.2.4. Also, since the base station power amplifiers are typically operated
with a linearization system, the observed IMD levels should be sufficient for a base station

application.
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Figure 68: Two tone simulations with Vdrain=20V, Vgs _main=-3.0V,Vgs peak=-4.9V (a)
IMD3 Vs output power of the Doherty amplifier (b) IMDS Vs output power of the Doherty

amplifier
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4.2.3 Thermal dissipation

Following Table 10 shows the current draw and the thermal dissipation of the designed

Doherty MMIC.

Table 10: Thermal dissipation and total current draw of the Doherty PA

Aailable DC Power Hi
Source Power OutputPower Consumpt. Sup%pﬁ}-‘ DE;;ET;;
dBm dBm Watts Current Watts
26.500 39.043 21190 1058 3682
26.600 39142 21377 1068 3450
26.700 39239 21558 1077 3215
26.800 39.334 21730 1085 2971
26.900 39.425 21880 1093 21707
27.000 39515 22013 1.099 2423
27.100 39604 22154 1106 2136
27.200 39693 22315 1115 1860
27.300 39.782 22486 1123 1575
27.400 39.871 22646 1131 1263
27.500 39.960 22798 1139 0932
27600 40.047 22958 1147 0600
27.700 40132 23130 1155 0277

As seen by the data in the table, the thermal dissipation for this design is quite low. When
working with GaN it is critical to pay attention to thermal dissipation. While the RF power
densities of GaN scale up to values of 30 w/mm unit-gate width but quantities such as ther-
mal conductivities of the substrate and packaging materials, maximum system temperatures,
and allowable dissipated power per area do not scale accordingly. Therefore, thermal man-
agement is crucial in order to utilize at least a fraction of the maximum potential of GaN in
packaged devices and mounted MMICs . A commercial GaN vendor Cree states the follow-
ing “Reports of high total RF power from both SiC and GaN over a wide frequency range are
beginning to validate the very high power densities that have been demonstrated on s mall
periphery devices for several years. These high power densities in terms of W/mm also pre-
sent an extreme power dissipation demand on the substrate. Fortunately, the high thermal
conductivity of the SiC substrates, >3.3 W/cm-K, allows these higher power densities to be
efficiently dissipated, preventing the extreme channel temperatures due to self-heating that

are likely with low thermal conductivity substrates such as sapphire and silicon.” [54].
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There are number of methods that can be implemented to ease this high thermal dissipation
such as flip-chip mounting, cluster matching (a way of distributing the signal among a num-
ber of smaller devices in order to spread the head over a wider area) and bath-tub via pro-
cessing (substrate is thinned only under the power devices since a thinner substrate would

provide good heat dissipation).
4.2.4 Performance Optimization

In this section of the report, performance optimization of the Doherty amplifier is executed
by altering the biasing of the main and peaking amplifier. An analysis of the impact of vari-
ous biasing on the main and peaking amplifier of the Doherty amplifier is discussed showing
the trade-offs between gain and efficiency of the full Doherty amplifier. The choice of opera-
tion of the amplifier depends mainly on the requirement of the application; therefore a suita-

ble biasing scheme needs to be selected depending on the application.

4.2.4.1 Main and peaking amplifier bias optimization

This section discusses the impact on the full Doherty amplifier with various biasing of the
main and peaking stages of the amplifier. As the primary intent of the Doherty technique is
to provide high efficiency, the common approach is to bias the main amplifier for class AB
or B operation .In this optimization step, the peaking amplifier was biased at a constant class
C (Vgs= -4.9V) and the main amplifier gate voltage was adjusted from -0.5V to -3.5V to
vary the class of operation from class A to deep class AB to class AB. Figure 69 summarizes
the outcome of this experiment.

By observing Figure 69 (a), it can be seen that there is a drop in efficiency, as the gate volt-
age is increased closer to class A operation of the main amplifier. The effect of the increased
gate voltage can be seen especially at the back off power level. The gain response of the am-

plifier in Figure 69 (b) indicates a reduction in gain with reduced bias of the main amplifier.
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Figure 69: Doherty amplifier optimization with main amplifier bias variation (a) PAE re-
sponse of Doherty amplifier with variation in main amplifier bias (b) Gain response of
Doherty amplifier with variation in main amplifier bias
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The second approach for optimization was done by varying the peak amplifier gate bias volt-
age from class C, class B and class AB with constant main amplifier class AB bias of -3.0V.
As described previously, the role of the peaking amplifier to act as an active load to the main
amplifier. As the peaking amplifier begins to conduct, the load presented to the main amplifi-
er gets altered. Figure 70 below summarizes the analysis of the Doherty amplifier with vary-

ing gate bias of the peaking amplifier.
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Figure 70: Doherty amplifier optimization with peaking stage bias variation (a) PAE re-
sponse of Doherty amplifier with variation in peaking amplifier bias (b) Gain of the Doherty
amplifier with variation in peaking amplifier bias (c) IMD3 response of Doherty amplifier

By observing the PAE response in figure 70 (a), the corresponding reduction in the back off
efficiency can be observed with Class B and AB bias of the peaking amplifier. The maximum
efficiency at back off reached when the peaking amplifier is biased in class C. Figure 70
(b),exhibits that maximum output power can be varied with variation in gain by adjusting the
class of peaking amplifier bias. There is also degradation in linearity with peaking amplifier
bias closer to class C mode which is indicated by the IMD3 plots in figure 70(c). With the
above results, the following can be concluded:

e  When main amplifier is biased higher, the overall gain of the Doherty amplifier re-
duced.

e  When peaking amplifier is operated at higher bias levels, the overall Doherty amplifi-
er exhibits better linearity with higher gain but reduces the back off efficiency of the
Doherty amplifier as a result of reduced load modulation range.

e When peaking amplifier is operated at lower bias levels as class C, efficiency at back

off is increased but with reduced linearity.
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Thus, the operating point of the Doherty amplifier has to be decided based on the system
considerations of the full base station to decide the proper trade-offs between efficiency and
linearity. For instance if the power amplifier is intended to be implemented with a lineariza-
tion technique as digital pre distortion, more emphasis can be placed on the efficiency aspect

of linearization.
4.2.5 Full LTE band-7 over frequency performance summary

A summary of full LTE band-7 over frequency performance of the designed MMIC Doherty
Amplifier is given in Table 11.

Table 11: Full LTE band-7 performance summary of the MMIC Doherty Amplifier

2.62GHz__ [ 2.655GHz ][ 2.69GHz

Gain (dB) 11.19 11.10 11.09
PAE at back off power (%) 51.29% 51.09% 50.52%

PAE at peak power (%) 53.31% 56.27% 59.89%
IMD3 (dBc) -19.95 -21.45
70
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Figure 71: Simulated over Frequency performance of the Doherty Amplifier with
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The designed MMIC Doherty amplifier performance can be compared to published MMIC

amplifier performances as follows:

Table 12: Performance comparison of the designed Doherty PA to published MMIC PAs.

Peak PAE at peak PAE at
power power back off
(%) power (%)

Year Frequency Device
published (GHz) Technology

I T I T

! Measured Doherty results
? Simulated results with other architectures
3 Simulated Doherty results

56.3%° 51.1%°

(W)
o [ o ]

40
31

45% 2 15% 2

31% 3

23% !
18%
33%

18% 2

18 %
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Chapter 5 Conclusion and Future Work

5.1 Summary

In this research efficiency enhancement of a GaN based power amplifier is explored. This is
implemented through the design of a MMIC two-way Doherty power amplifier for a pico-
cell base station that would meet requirements of LTE standards. The intent was to realize a
Doherty topology suitable for a base station by improving its characteristics compared to ex-
isting conventional power amplifiers and other efficiency enhancement techniques while
meeting the stringent form factor requirements of a pico-cell. Demonstrative design and im-
plementation have been provided based on the emerging GaN device technology. Specific
advantages of GaN such as low output capacitance, high output impedance and higher power
density have been utilized at various stages of the thesis.

During this research, the most common conventional PAs such as class A, B, AB and C were
reviewed. An overview of currently available power amplifier efficiency enhancing methods
such as Envelope Elimination and restoration, Envelope tracking and Chireix Outphasing is
also presented. A detailed discussion on the theory of the Doherty topology was provided
along with an overview of GaN semiconductor technology. It is illustrated how a GaN based
Dobherty architecture is the optimum selection for the application considered.

The Doherty amplifier design approach presented in this dissertation relies on reliable accu-
rate CAD tools for analysis and optimization. Therefore in order to assess the accuracy and
reliability of large-signal models for a new device technology as GaN, experiments were per-
formed on a commercial GaN design to validate the large-signal models by comparing the
measured and simulated behavior of a printed circuit board (PCB) based class AB GaN pow-
er amplifier design.

Based on the Doherty concept, a design of a MMIC power amplifier was implemented for
LTE band 7 which entails the frequency band from 2.62-2.69GHz. . The design was simulat-

ed and the results were compared with that of the theoretical Doherty amplifier as well as a
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corresponding conventional class AB power amplifier. The full layout of the design is pre-
sented comprising the conversion of the schematic design into something that is able to be
fabricated by the foundry. The impact of the main and peaking stage biasing on the overall
performance was also analyzed and options to optimize linearity with the least amount of re-

duction in the improved efficiency is presented to cater various system requirements.

5.2 Conclusion

The MMIC Doherty amplifier design, reported in this thesis has demonstrated the feasibility
of achieving high efficiency at the back off power levels while maintaining reasonable linear-
ity compared to conventional PA designs. Although the linearity reported in this design does
not directly satisfy LTE requirements, additional linearization can be applied to achieve the
required correction. It is essential to note the efficiency achieved in this thesis is the highest
at back off power levels compared to published MMIC PA designs. The most significant
contribution of this thesis is the detailed design and implementation of a two way MMIC
Doherty amplifier for LTE standards that is applicable for a pico-cell base station. It demon-
strates a PAE of 50.5% in the 6dB back off power from a peak power of 46dBm, for the full
LTE band 7 which entails the frequency band from 2.62-2.69GHz.Additional contribution is
offered through the bias optimization technique presented for the main and peaking amplifi-

ers to shift between a highly linear or highly efficient performance of the same design.

5.3 Future Work

Improving efficiency of power amplifiers at high back off levels while sustaining linearity
will remain an essential aspect of future work. With the growing trend towards the usage of
pico-cell base stations, fully integrated MMIC designs of power amplifiers will also gain
more traction. 4G standards as LTE could utilize signals with PAPRs up to 10dB with broad
instantaneous bandwidths (IBWs) of up to 60MHz.The following recommendations can be
considered to further expand the direction of research:

e MMIC Doherty amplifier presented in this thesis can be further analyzed by imple-

menting a linearization technique such as digital pre-distortion. This would add fur-
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ther value to the design by retrieving the degraded linearity that was compromised for
higher efficiency.

e In order to support PAPRs of higher than 6dB, the back-off region can be extended by
implementing the MMIC design in an asymmetrical or a multi-stage Doherty archi-
tecture. An asymmetric topology would consist of main and peaking amplifiers of dif-
ferent sizing and N-stage design would consist of multiple peaking amplifiers.

e In order to support higher IBWs, the MMIC Doherty amplifier design can be further
optimized to have broad video bandwidths. Implementation of multi section A4 bias
feeds, multiple radial stubs and addition of selected decoupling capacitors with reso-
nance frequencies distributed over the entire video bandwidth are a few methods that

can be implemented.
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Appendix A: CGH25120F evaluation board
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Figure 72: Tested CGH25120F evaluation board
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Figure 73: Datasheet image of CGH25120F evaluation board [54]
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Appendix B: Simulation test bench and results of

CGH25120F
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Figure 74: CGH25120F evaluation board simulated gain compression curve at 2.650GHz
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Figure 75: CGH25120F evaluation board simulated current consumption Vs output power at
2.650GHz
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Appendix C: Measurement setup for CGH25120F
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Figure 77: Measurement setup for CGH25120F
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