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Design and Validation of a Concurrent Dual-Band GaN Doherty Power Amplifier
JAMAL UR RASOOL HAIDER

Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

In the current era characterized by rapid advancements in wireless communication,
the demand for high data rates, multi-band operation and low power consumption
in communication systems like mobile base stations, poses significant challenges. To
address these challenges, it is imperative to explore and devise new power amplifier
(PA) solutions that conform to these stringent requirements. This thesis presents a
comprehensive solution in the form of a dual-band Doherty PA (DB-DPA) to meet
these pressing requirements. DPAs have gained considerable popularity due to their
ability to achieve high back-off efficiency across a wide range of output power lev-
els. The primary objective of this research is to design and simulate a symmetrical
DB-DPA using state-of-the-art GaN-HEMT technology, for the frequency bands of
1.85 and 2.65 GHz. The load modulation network comprises a wideband combiner
followed by a Chebyshev transformer. Subsequently, the designed DB-DPA is fab-
ricated, measured, and the obtained results are presented and analyzed in detail.

Through extensive measurements, this study demonstrates that the proposed DB-
DPA design delivers satisfactory performance in terms of drain efficiency (DE) and
power gain for both the lower and upper-frequency bands of 1.85/2.65 GHz with
a bandwidth of 100 MHz each. At a peak power of 47.9/47.3 dBm, the DB-DPA
achieves a DE of 55.6/54.5%. Furthermore, at a 6 dB back-off level, the DB-DPA
exhibits a DE of 41.2/44.6% and a gain of 19.5/15 dB for the desired frequencies.
These characteristics position this design as a promising candidate for communica-
tion applications. The findings presented in this research emphasize the potential of
the proposed DB-DPA design and provide a viable solution that meets the growing
requirements of the wireless industry. The comprehensive investigation conducted
through simulations and measurements contributes to the body of knowledge in the
field and provides valuable insights for further advancements in DB-DPA design.

Keywords: Doherty, Power Amplifier, GaN-HEMT, Efficiency, Dual-Band
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1

Introduction

1.1 Motivation

Radio Frequency (RF) Power Amplifiers (PAs) are one of the most important com-
ponents in modern-day wireless systems like mobile phones, Wi-Fi, and satellite
communication, etc. These amplifiers play a crucial role as they are responsible for
boosting the signal power to cover larger distances, penetrate obstacles, and reach
farther-located receivers.

PAs are the most dominant and power-consuming component within wireless trans-
mitters. In an RF front end, PAs are located at the end of transmit chain as shown
in Figure 1.1. Their non-linear characteristics have a profound impact on key per-
formance metrics, including the adjacent-channel power ratio (ACPR) and the bit
error rate (BER). As communication standards continue to evolve, more intricate
signal modulation schemes have been introduced to meet the ever-increasing de-
mand for data transmission capacity. Therefore, the design of RF PAs assumes
growing importance due to the need to tackle these design challenges arising from
wider bandwidth and higher peak-to-average power ratios (PAPR). It is essential
to recognize that communication systems rarely operate at peak power levels but
instead operate at various output power back-off (OBO) levels. As the back-off
level increases, the efficiency of the PA experiences a significant decline, resulting
in higher DC power consumption. Therefore, it becomes imperative to tackle these
challenges and optimize PA efficiency to enhance the overall performance and power
consumption of modern communication systems.

Various strategies have been proposed in the literature to address the issue of back-off
efficiency in PAs. These strategies can be broadly categorized as Supply Modulation
(SM) and Load Modulation (LM). LM entails the modulation of load impedance,
while supply modulation involves controlling the supply voltage using an envelope
amplifier. In SM, there are different sub-categories like Kahn Envelope Elimination
and Restoration (EER), and Envelope Tracking (ET) [1]. EER utilizes a high-
efficiency PA that is saturated by a driven switching current PA. The switches
generate a constant envelope signal that carries both phase and amplitude informa-
tion of the input signal. On the other hand, ET employs voltage supply tracking in
a linear PA. However, these methods have limitations such as reduced efficiency in
the modulator and difficulties in synchronizing the phase and envelope paths in the
PA. These limitations can result in increased size and cost.
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Figure 1.1: RF front end of a communication system

The other technique, known as LM, offers the ability to dynamically adjust the
load seen by the amplifier in response to different input drive levels. This can be
achieved by employing a varactor-based tunable matching network or by incorpo-
rating the principle of active load modulation (ALM) [2] which will be elaborated
in detail in the subsequent chapters. In recent years, several new architectures
employing LM have also been proposed, including the load-modulated balanced
amplifier (LMBA)[3], the distributed efficient power amplifier [4], and the circulator
load-modulated amplifier (CLMA)[5], [6], [7]. These techniques present potential
solutions to enhance efficiency at reduced power levels.

1.2 Aim

The main goal of this thesis is to design a DB-DPA intended for radio links and
mobile base stations. The desired frequency bands are 1805-1870 MHz and 2620-
2690 MHz but the DB-DPA is designed for 1800-1900 MHz and 2600-2700 MHz to
account for any process variation. The design is done in order to achieve the best
possible efficiency at 6 dB output back-off (OBO) and maximum output power at
saturation.

1.3 Constraints

The transistor used in the design process is Wolfspeed CGHV27030S which is a high-
power device in Gallium Nitride technology capable of generating 30W of output
power, shown in Figure 1.2. The substrate used for PCB fabrication is Rogers
R4003c with a dielectric constant of 3.55 and a thickness of 0.508 mm. The DB-
DPA is designed to generate nearly 47 dBm of output power with higher than 50% 6
dB OBO efficiency. Keysight Advanced Design System (ADS) is used for simulations
while MATLAB is used for post-processing of measured data.

2
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Figure 1.2: Wolfspeed CGHV27030S GaN HEMT

1.4 Outline

The thesis report is organized as follows: In Chapter 2, a detailed discussion is
presented on PAs in general and DPA theory in particular. A complete step-by-
step design flow is provided in Chapter 3 along with simulation results. Chapter 4
contains the complete measurement process description along-with detailed results
and analysis. Finally, Chapter 5 concludes the thesis work.
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Theory

This chapter discusses the theory of PAs in detail. First, the important design
parameters required for PA design are discussed and elaborated. Subsequent to
this, different classes of PAs are discussed followed by efficiency enhancement PA
architectures. Finally, a detailed theory of DPAs is presented which concludes this
discussion.

2.1 Power Amplifiers

RF PAs are used to amplify RF signals in wireless communication systems. The
primary function of an RF PA is to receive a low-power RF signal and increase its
power to a higher level that can be transmitted through the antenna to the receiver.
This amplification process is essential in maintaining a high signal-to-noise ratio
(SNR) and preventing signal degradation, which can lead to poor signal quality and
reduced communication range.

509
Input . Output
matching Trar[lsgstor matching 500
network "] r "] |—' network
l-‘i]'l. r out

Is

g}

Figure 2.1: Block diagram of an ideal RF PA [§]

Figure 2.1 shows the block diagram of an ideal PA. In the heart of the PA lies
the active device i.e., the transistor. Matching networks are required at both the
input and output of the active device to transform the gate and drain impedances
of the active device to a system impedance, usually 50 2. PAs are characterized
by their output matching network (OMN) design as it requires power-matching in
contrast to conjugate matching as in the case of max-gain amplifiers and low noise
amplifiers (LNA). RF PAs come in various designs and configurations, each tailored
for specific applications and frequencies. The selection of the right type of PA is
critical for optimal system performance, as the PA’s efficiency, linearity, and output
power all affect the overall system performance. In this context, this introduction
aims to provide a brief overview of the main figures of merit, classes of RF PAs, their
basic operating principles, and some of the key factors that affect their performance.
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2.2 Figures of Merit

A figure of merit (FOM) is a quantity or parameter used to characterize the perfor-
mance of a device, system, or method, relative to its alternatives. In engineering,
FOMs are often defined for particular materials or devices in order to determine
their relative utility for an application. For the design of different components, dif-
ferent FOMs are considered. In the case of PAs, the most important FOMs are the
output power, efficiency, and gain. These are elaborated in the following subsections

[1].

2.2.1 Output Power

Output power is one of the most important considerations in the design of a PA as its
basic purpose is to generate high power. For small-signal amplifiers, maximum gain
is achieved with simultaneous conjugate matching at the input and output of the
amplifier i.e., 's =7 and I';, =1"} , . However, simultaneous conjugate matching

does not result in maximum output power and thus for PA design, a different design
approach is required.

For small-signal amplifiers, the full utilization of both the current and voltage swings
is less significant. However, in the case of PAs both the swings must be utilized to
their full potential, to generate high output power. The optimum load that results
in full utilization of both the voltage and current swings is called optimum load
"R, or "Cripps Load’ given by the following relation [1]:

Vma:c - anee

Imaa}

Ropt - (21)
where V4. is the maximum breakdown voltage of the active device, Ve is the knee
voltage and 1,4, is the maximum drain current which can be obtained by plotting
the IV-curves.

Compared to a small-signal amplifier, this load ensures that maximum power is ex-
tracted from the device. This phenomenon is illustrated in Figure 2.2 where it can
be observed that for simultaneous conjugate matching, the load-line in blue color,
is small resulting in smaller voltage and current utilization. With power match-
ing, the load-line is large, giving higher current and voltage swings which result in
higher output power. Figure 2.3 proves this where it is evident that a significant
improvement in output power can be achieved using power matching. Output power
is generally expressed in dBm.

2.2.2 Power Gain

The amplification of a PA is quantitatively expressed as the ratio between the out-
put power and the input power. This ratio is often called the power gain of the
amplifier, expressed in dB. As mentioned earlier, within communications systems,
amplifiers serve the crucial purpose of increasing the signal level to meet the required

6
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Figure 2.2: Load-line comparison of simultaneous conjugate-matched load with
power-matched load

threshold in transmitters. However, the presence of inherent non-linearities in these
devices introduces a phenomenon called gain compression. This compression effect
occurs when a substantial signal is introduced to the amplifier, causing the gain to
deviate from its linear behavior. As a result, careful consideration must be given
to the design and optimization of amplifiers to ensure reliable and efficient signal
amplification. The gain of an amplifier is expressed as:

out

Gain =
ain P

(2.2)

2.2.3 Efficiency

In practical communications systems, PA is integrated as a subsystem and it con-
sumes the highest amount of DC power from the supply. The efficiency of a PA is
established in the literature as the ratio of output power to the DC power consumed.
The efficiency of a PA is sometimes referred to as drain efficiency (DE) denoted by
71, and is given as:

_ Pout
Ppc
There is an alternative definition of efficiency that takes into account the RF drive

power called power added efficiency (PAE). Generally, PA designers prefer to use
PAE over DE to characterize the PA performance.

n (2.3)

Pout - R
Ppc

PAE = (2.4)
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Figure 2.3: Output power comparison for maximum gain matching with power
matching

The RF power and DE depend on the conduction angle of the current swing. The
DE is around 50 % for a conduction angle of 27 and increases as the conduction angle
is reduced. Conversely, the RF power increases with an increase in the conduction
angle but the maximum power is achieved for an angle of 1.36m. The variation of
RF power and DE with the conduction angle gives rise to different classes of PA
which will be detailed in the following subsections.

2.3 Classes of Power Amplifiers

RF PAs operate in different modes depending on the design goal. These modes
are known as ’classes’ and are categorized based on whether the amplifier functions
as a voltage controlled current source or a switch. Classes in which the active de-
vice works as a voltage-controlled current source are known as linear classes. These
include Class-A, -AB, -B, and -C, which are classified based on their conduction
angle. Among these classes, Class-A amplifiers are the most linear, while Class-C
amplifiers are the most efficient.

The efficiency of the amplifier can be theoretically increased up to 100% by op-
erating it in switch mode, but this mode is highly non-linear. Classes D, E, and F
are examples of switch-mode PAs. In this context, linear RF PAs are particularly
relevant to design. They operate as voltage controlled current sources and are in-
tended to provide linear amplification of the input signal. The term ’linear’ refers to
the amplifier’s ability to maintain the linearity of the input signal while amplifying
it. The choice of amplifier class is crucial in achieving the desired level of linearity
and efficiency in a specific application.

8
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2.3.1 Class-A Power Amplifiers

Class-A amplifiers utilize the complete input signal as their conduction angle is 27.
This entails that the device is conducting at all times irrespective of any input RF
signal. To operate in class-A, the biasing of the device is chosen in the center of
the IV-curves. The class-A amplifiers are the most linear in their response till their
compression point is reached. These amplifiers are linear but have lower efficiency
as DC power is consumed even when there is no RF signal. The general expressions
for DC and RF currents for a PA are given as [1]:

Ipazr 0 — sin(a)
Ipr = . 2.5
BET on 11— cos(a/2) (25)

Lnaz 2sin(a/2) — acos(a/2)
Ipc = :
27 1 — cos(a/2)

(2.6)

The RF and DC powers for class-A operation can be calculated using the above
relations. The conduction angle of 27 simplifies these relations and is given as:

VRF[RF [mam Vmax

Prom = = 2.7
Imaxvmax

Ppc =Vpclpc = — 1 (2.8)

From Equations (2.7) and (2.8), it is evident that the maximum theoretical DE that
can be achieved in class-A operation is 50%. In practical design, this value will be
even lower due to the non-ideal behaviour of the device.

2.3.2 Class-B Power Amplifiers

The amplifiers which operate in class-B have a conduction angle of 7, implying that
the active device conducts for only half of the time. To operate in class-B, the
transistor is biased at the pinch-off resulting in a rectified current waveform having
no negative swing. Furthermore, it is required to short-circuit the harmonics to
achieve a class-B waveform. Class-B amplifiers are less linear compared to class-A
but more efficient. For a class-B PA, the RF power remains the same as class-A,
while the DC power at peak power level is given as:

Imafvmam
Ppc = Vpelpe = 9 (2.9)
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Since the DC power consumption is lower in this case, the resultant efficiency is
higher. The maximum theoretical drain efficiency for class-B operation is found to

be 78.5%.

2.3.3 Class-AB Power Amplifiers

Class-AB amplifiers are the amplifiers that have a conduction angle between 7 and
2m. To achieve this, the device is biased between the class-A and class-B bias points
resulting in a clipped negative current swing. These amplifiers are less efficient than
class-B and less linear than class-A but the freedom of biasing provides the designer
with the option to compromise either on linearity or efficiency, depending on the
application.

Drain Efficiency (%)
Normalized RF Power

0 b w 3n 2

2 Conduction Angle (Degrees)

Figure 2.4: Variation of RF power and DE with current conduction angle.

Using equations (2.5) and (2.6), the RF and DC power consumption for class-AB
operation can be calculated. The variation of RF output power and efficiency with
respect to the conduction angle is illustrated in Figure 2.4. It is evident from Figure
2.4 that class-AB amplifiers can yield the highest output power compared to the
other classes. The conduction angle which yields maximum output power can be
calculated and is found to be 1.36m rad which corresponds to DE of 65%.

2.3.4 Class-C Power Amplifiers

A class-C amplifier is biased at a level below the pinch-off point, resulting in a
reduced conduction angle of less than 7. Consequently, the device conducts for less
than half of the signal duration. This class of amplifiers demonstrates lower gain
and output power with a higher presence of harmonic content, contributing to its
highly nonlinear nature. The decreased gain necessitates driving the device with
a larger input signal, which in turn diminishes the PAE. Similar to class-B, it is
required to short-circuit the harmonics to achieve a class-C waveform. In theory,

10
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class-C amplifiers exhibit 100% drain efficiency. The PA classes with their respective
load-lines are illustrated in Figure 2.5.

Ips | \

Class — C

Figure 2.5: Loadlines corresponding to PA classes

2.4 Efficiency Enhancement Techniques

One of the major problems with PAs is that conventional PAs exhibit maximum
efficiency at a single power level, which is typically near the maximum rated output
power of the device. As the output power is reduced from this level, the efficiency
drops sharply and heat dissipation increases resulting in a much lower efficiency.
Efficiency enhancement techniques have been available for several years and can
be effective in addressing this challenge [1]. Most of the efficiency enhancement
techniques were invented in the early era of radio broadcasting. Three classical
techniques that fall into this category are the Doherty PA, the Outphasing PA ini-
tially proposed by Chireix, and the EER technique demonstrated by Kahn. These
techniques involve the usage of dynamic load modulation (DLM) and dynamic sup-
ply modulation (DSM).

DSM is an effective method employed to enhance efficiency by dynamically reduc-
ing the drain bias when the transistor drive level is backed-off. Similarly, DLM
involves the dynamic adjustment of the load impedance when the transistor oper-
ates at a backed-off state. DLM comprises two principal categories, varactor-based
modulation and active load modulation (ALM). The varactor-based method utilizes
varactors to achieve precise load adjustments, whereas the ALM technique involves
active current injection for LM in a transistor. An illustrative example of the ALM
based technique is the well-known DPA, which will be comprehensively explained in
subsequent sections. The concept of ALM can be effectively illustrated by modeling
active devices as current sources, as depicted in Figure 2.6.

11
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Figure 2.6: Active load modulation

Using Kirchoft’s law, the voltage across the load resistor can be given as:
V=R, +1,) (2.10)

The complex impedance at the two sources can be given as:

In+1 I
T = R0y~ Re1 4 22 (2.11)
L, L,
Lo+1 I
Z. = R m[+ Y= R(1+ ) (2.12)

This means that the impedance seen by one of the sources can be transformed to a

higher value if the currents are in-phase and a lower value if they are in anti-phase.
This is the principle of ALM.

2.5 Doherty Power Amplifiers

One of the important methods used for ALM is DPA. The DPA was proposed in
1936 by William H. Doherty [2]. The original idea was concerned with tube-based
PAs for broadcasting applications. The similarity between the modern-day wireless
communication systems and the original idea is that modern-day transmitters are
required to generate high data rates with low power consumption leading to a PAPR
of around 6-9 dB. Conventional PAs have lower efficiency at average power levels
which becomes a serious issue in modern RF applications. Hence, a solution is
required to improve the average efficiency which can be solved by a DPA. Figure 2.7
illustrates a classical configuration of a DPA.

2.5.1 Doherty Theory

The main idea of DPA is to combine two devices in a way that one of the devices is
switched on when the other device has reached saturation. The devices are referred
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Figure 2.7: Classical DPA configuration [9]

as ‘main’ and ‘auxiliary’. The output power of the complete DPA is the combined
output of the two devices. However, as the input drive level is decreased, mainly
around 6 dB from the maximum output power, the auxiliary amplifier is turned off.
The auxiliary device modulates the load seen by the main device in a way that the
desired efficiency is achieved at the back-off power level and maximum output power
at saturation. There has been a lot of work done on DPAs due to their simple design
with good back-off efficiency [9], [10], [11], [12].

ZT:A/AI. Iir'n Ia
| 1
| I

Figure 2.8: Current source representation of DPA

Figure 2.8 shows an operational diagram of a DPA. The difference from the previous
representation in Figure 2.6 is the addition of the quarter-wave (A\/4) transformer
between the load resistor and the main device output. This A\/4 transformer acts as
an impedance inverter which helps in LM in a way that it makes the impedance seen
by the main device go down as the auxiliary device current increases. The optimum
matching impedance for both devices at peak power is R, but it becomes 2R, for
the main device at back-off when the auxiliary device is off. The impedance inverter
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Figure 2.9: Doherty behavior (a) Current amplitude with an input drive voltage
(b) Voltage amplitude with input drive voltage

has a characteristic impedance of Z7 which is a function of R, given as Zr = R,y
The load impedances seen by the main device before and after the A/4 transformer
are given as:

_ R?th . 2Ro;m‘,

Ly = = 7 (2.13)
zZ! 1+ﬁ
where
Voor  Rope I +1
7l = _ O (Im a4 2.14
== ) (214)

From equation 2.13, it is evident that the impedance seen by the main amplifier is
modulated by the auxiliary amplifier. The current I/, is different from I,, due to
the impedance change by the impedance inverter. Similarly, the impedance Z/ is
different from Z,, due to the A/4 transformer. Generally, when two similar devices
are used as main and auxiliary amplifiers, their current handling is similar at peak
power level. When [, = I, = I,,,4:, the impedance seen by the main device becomes
Zm = Rop. However, it becomes 2R,,; at back-off due to the impedance transfor-
mation provided by the impedance inverter. The auxiliary amplifier presents an
open-circuit condition to the main amplifier at the back-off level as the current I,
is 0. Once it is turned on, its impedance Z, is load modulated and is given by:

‘/opt _ Ropt
I 2

I +1,

Z, = ) (2.15)

The LM behavior is illustrated in Figure 2.10. The main device impedance is mod-
ulated from 2R, to R,, while the impedance of the auxiliary is modulated from
open-circuit to R,,. The change in current and voltage amplitude as a result of
this LM is depicted in Figure 2.9. The current [, is turned on at the midpoint of
the input drive, which corresponds to the back-off level. To achieve this feat in a
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practical design, the auxiliary amplifier is biased in class-C. The current [,,, increases
linearly from 0 input voltage to the maximum drive. The main amplifier is generally
biased in class-AB or class-B.

4Rope

— Main Amplifier
Auxiliary Amplifier

3Rop

2R

apt

Load Impedance ()

Rope

max Vinax

Input Drive Voltage

Figure 2.10: Change in impedance of main and auxiliary amplifier corresponding
to input drive level

Based on the previous discussion and considering the case of an ideal class-B class-B
DPA, it can be observed that the main device achieves a peak efficiency of 78.5%
within the upper 6 dB power range. On the other hand, the auxiliary device ex-
periences a linear decrease in RF voltage swing at the output, dropping to half of
its maximum value at the 6 dB backoff point. As a result, the auxiliary amplifier’s
efficiency is not optimal within this range, but its contribution to the overall effi-
ciency depends on the power it contributes. The overall efficiency of the DPA; as a
function of the input drive can be given as [1]:
Vin )2
n= (v,0) (2.16)

T \Vinaa!
273 () -1

where V;, is the input drive voltage and V,,,,, is the maximum voltage corresponding
to the maximum input drive. It can be observed that the relation yields m/4 for
the maximum input drive, as well as for the 6 dB OBO condition. However, this
configuration is for understanding and a real DPA will have an auxiliary device
operating in class-C. The DE of the above-discussed ideal scenario is illustrated in
Figure 2.11.
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Doherty Power Amplifier Design

In the preceding chapter, the theoretical aspects of the DPAs have been elaborated.
In this chapter, a comprehensive step-by-step design flow of the designed DB-DPA
is presented. The amplifier is designed to operate in the frequency bands of 1800-
1900 MHz and 2600-2700 MHz. The primary design objective is to achieve DE
higher than 50% at 6 dB output back-off with output power higher than 47 dBM
at saturation. The DPA is initially designed as a wideband amplifier, covering the
entire bandwidth from 1800 MHz to 2700 MHz. After the initial design, further
optimization is carried out for individual bands to achieve better performance.

3.1 Bandwidth Extension

As discussed in the previous chapter, the DPAs employ a A\/4 transformer as an
impedance inverter network at the output of the main amplifier. However, the \/4
transformer is inherently narrow-band, creating a significant challenge to its prac-
tical implementation for wideband systems [13]. The limitation stems from the
dispersion effect of the impedance transformer, which results in an effective load
impedance seen by the primary amplifier that matches the anticipated value only at
the center frequency, f.. As the operational frequency of the DPA deviates from f.,
the effective load impedance observed by the main amplifier deviates which leads to
a reduction in back-off efficiency and limits the operational bandwidth. Therefore,
it is critical to address this limitation to achieve optimal performance in a broader
frequency range.

In the literature, several design strategies have been proposed for the purpose of
extending the bandwidth of DPAs [15], [16], [17],[18]. One of these approaches is a
transformer-less load-modulated architecture [19]. This design technique is highly
effective in increasing the operational bandwidth of DPAs. Another topology that
has been successfully employed to achieve up to 36.3% fractional bandwidth is based
on the use of branch-line couplers [20].

In their study, Xia et al.[21] have introduced a broadband DPA configuration that
incorporates an integrated compensating reactance (CR). This approach aims to an-
alyze the influence of reactance on the back-off load impedance of the main amplifier
during wideband operation. This task is accomplished by utilizing a A/4 transmis-
sion line in the OMN of the auxiliary amplifier. This configuration produces an
equivalent quasi-short-circuit, effectively mitigating the impedance fluctuations of
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the main amplifier when operating at lower power levels with the auxiliary amplifier
off. Additionally, a hybrid DPA topology that integrates a switching mode amplifier
with a linear amplifier has been proposed, which is highly effective in achieving high
efficiency and linearity simultaneously [22].

In conclusion, the literature proposes several design approaches to extend the band-
width of DPAs, including the use of load-modulated architecture, branch-line cou-
plers, compensating reactance. The DPA design presented here utilizes the approach
presented by [21] which is sometimes referred to as the two-point matching technique
as it involves matching the impedances at saturation and back-off levels.

3.2 Design Approach

PA design starts with the selection of bias points for the active devices by plot-
ting the IV-curves. Subsequently, the individual amplifiers are designed, starting
with the synthesis of OMNSs in order to present the optimal load impedance to
the transistors. Once the OMNSs of both devices have been optimized, the devices
are combined with a load modulation network. Finally, a post-matching network
and the input matching networks for the amplifiers are designed to give the desired
wideband response. All these steps are elaborated in the following sections. The
transistors used in this design of DB-DPA are Wolfspeed CGHV27030S. The sub-
strate used is Rogers4003c with a thickness and dielectric constant of 0.508 mm and
3.55 respectively.

3.3 Bias Selection

The DB-DPA consists of two devices, each designed with specific biasing character-
istics. The main amplifier is biased near the pinch-off voltage, operating in deep
class-AB, while the auxiliary amplifier is biased in class-C. To establish the appro-
priate bias points for both devices, the initial step involves plotting the IV-curves.
These curves give the designer an idea about the device’s gate voltages and the
corresponding classes of operation. The IV-curves for the device in use are plotted
in Figure 3.1a.

The blue line is the load line which signifies the current swing which can be observed
in Figure 3.1a. The pinch-off voltage for this device is -3.1 V, therefore, for a
class-AB operation, a gate bias of -2.85 V was selected. For the drain bias, 50
V was selected as per the data-sheet specifications. The auxiliary device was to
be biased in class-C. It is possible to analytically calculate the bias point for the
auxiliary amplifier and it was found to be -6 V. However, the auxiliary bias is
generally considered an optimization parameter and it is tuned and optimized for
better performance. Therefore, a gate voltage of -6.5 V and a drain voltage of 60
V was used for the auxiliary device. The reason for biasing the auxiliary device
at a higher drain voltage is to increase its drain current at the peak input power.
This is because, in symmetrical DPAs, the auxiliary amplifier does not reach its
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Figure 3.1: IV Curves. (a) IV Curve for drain current against drain voltage with
load-line shown in blue. (b) Current and voltage swings corresponding to the
load-line in (a). (c¢) Current and voltage swings corresponding to the bias point of
class-C.

maximum current at peak input power [24]. To solve this, asymmetrical DPAs are
designed by using either a larger transistor as an auxiliary amplifier or by using
uneven power splitters at the input. Furthermore, it is possible to slightly increase
the drain current by biasing the auxiliary at a higher drain voltage [21] which is also
done in this design work.

3.4 Bias Network

A DC bias network is required for each amplifier in order to provide desired DC
voltage and current to the PA. The design of a suitable bias network is extremely
important as it might result in poor RF performance if not designed carefully. The
bias network usually consists of multiple decoupling/bypass capacitors and an RF
choke inductor. For the gate bias networks, a resistor is also added for low-frequency
stability. Multiple bypass capacitors are required to minimize the supply ripple and
noise which is unpredictable. For the RF choke, an inductor or a high impedance
A/4 transmission line can be used which presents an open circuit to the OMN trans-
mission line. The incorporation of an RF choke within the bias network serves the
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purpose of isolating RF signals originating from the device, preventing their inter-
ference with the DC supply. The network also consists of a series of capacitors at
the gate and drain which are called DC-blocking capacitors. These are added in the
design to decouple the DC source from the RF input and output.

Vbs
ng AN

10 uF _“_—'T— _;“— 10 uF

—||—_l:_10nF 10n5;||—

1002 _gll— 10 pF
_“__I_:_pr

20 nH -~
" E /,100 \ I—O
e e
\ —1
\ 10pF 4
N_~ =

Figure 3.2: DC bias and stability networks for main and auxiliary amplifiers.

The finalized gate bias network for the DPA consists of a 20 nH RF choke inductor
and three bypass capacitors of different values 10 uF, 0.01 uF, and 10 pF. A series
resistor of 10 €2 is added with the inductor responsible for low frequency stability.
In the drain bias network, a transmission line is used as an RF choke instead of
inductor. Similar to gate bias, 3 bypass capacitors of the same values are added
in the drain bias as well. The complete schematic of the finalized bias network is
shown in Figure 3.2.

3.5 Stability Network and Analysis

Amplifier stability is one of the foremost design considerations, an unstable amplifier
is in fact an oscillator. There are different techniques available in the literature for
analyzing the stability of an amplifier. The most common is the Rollet’s Stability
Factor (K-factor) [32] which is a measure of the unconditional stability of an ampli-
fier. Similarly the p and p/—factors also provide information about the amplifier’s
stability status [33]. All these factors depend on the small-signal S-parameters and
can be calculated in the following way.

K- 1 —[S1|? —|Sa> + |A]?
2‘321812’

> 1 (3.1)

_ 1—|Su/?
S22 — ST A 4 [S2112|

1 > 1 (3.2)
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fo= L[Sl > 1 (3.3)
[S11 — S3A|| + [Sa1512|
where
A = 511822 — 521512 <1 (34)
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Figure 3.3: Stability analysis. (a) Source and load stability circles before the
stability network was added. (b) Source and load stability circles after the stability
network was added.

The K-factor greater than 1 means the amplifier is stable but it does not provide
any detailed information as to how far outside the Smith chart, the stability circles
are. Compared to this the p and p/—factors give the distance from the center of the
smith chart to the load and source stability circles. p-factor measurement gives the
distance from the center of the Smith chart to the nearest output (load) stability cir-
cle while the p/-factor measurement gives the distance from the center of the Smith
chart to the nearest unstable-input (source) stability circle. Thus a larger value im-
plies the stability circles are further away from the smith chart center and vice versa.

To ascertain if the device is inherently stable or if it requires a stability network
the load and source stability circles were plotted on the smith chart. When the
simulation was done, it was found that the device was potentially unstable as the
load and source stability circles were inside the Smith chart unit circle as shown
in Figure 3.3. To make the device unconditionally stable, a stability network of a
parallel resistor of 10 €2 and a capacitor of 10 pF was added at the gate of the device
which is illustrated in Figure 3.2. The stability network is required to be added be-
fore performing the load-pull as it affects the optimal load for the device. After the
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addition of a stability network, the device was found to be unconditionally stable
as the source and load stability circles moved out of the Smith chart as shown in
Figure 3.3. Figure 3.4 shows that the u and p/—factors remain greater than 1 from
DC to 10 GHz which means that the device is stable in this whole region.

MuPrime
Mu
(o]
|

freq, GHz
Figure 3.4: p and p/—factor from DC to 10 GHz.

3.6 Load-Pull Analysis

As mentioned before, PAs are inherently nonlinear devices that produce high output
power. However, due to their nonlinear behavior, traditional linear tools, such as the
Smith chart, may not be adequate for designing impedance matching networks for
PAs. This makes impedance pulling techniques, namely load-pull and source-pull,
essential for determining the optimal load and source impedances to achieve desired
design objectives, such as gain, efficiency, and output power.

Load-pull and source-pull techniques involve varying the fundamental and harmonic
impedances of the input and output at the package reference plane, taking into ac-
count specific input levels, frequencies, and bias conditions. By doing so, these
techniques ensure that the proper gain, efficiency, and output power are achieved
for the given design objectives, considering the nonlinear behavior of the device. It is
important to note that designing impedance matching networks for PAs using load-
pull and source-pull techniques not only optimizes performance but also ensures the
reliability of the amplifier by preventing unwanted signal reflections and maximizing
power transfer. Therefore, the use of these techniques is widely accepted in modern
communication systems, where PA performance plays a critical role in determining
the overall system’s performance.
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PAE Contours
Pout Contours

Figure 3.5: PAE and output power contours obtained through load-pull analysis
for 2.25 GHz.

In designing PAs using load-pull and source-pull techniques, it is essential to have
accurate models of the active device. These models provide a means to simulate the
device’s input-output characteristics and are often obtained from the device man-
ufacturer. For the transistors used in this DB-DPA design, models were readily
available and subsequently utilized in the design process. Additionally, in ADS, the
load-pull analysis provides the source impedances corresponding to the optimal load
impedances, thus making source-pull analysis redundant. In Figure 3.5 the PAE and
output power contours for a frequency of 2.25 GHz are plotted on the Smith chart.
The regions where the contours overlap are of more interest from a design perspec-
tive.

The load-pull simulations were performed at the centre frequencies of the desired
upper and lower bands, and also for the frequency midway of these two frequen-
cies i.e, 1.85 GHz, 2.25 GHz, and 2.65 GHz which are referred to as fr, fc, and
fu respectively in Figure 3.6. The optimal impedances for saturation and back-off
level for these frequencies are plotted. At 6 dB OBO, the optimal load impedances
were transformed to 15 €2 while the optimal load impedances at saturation were
transformed to 30 2. The impedance at the common node was transformed to
50 Q using an impedance transformer post-matching network (PMN) based on a
Chebyshev transformer.
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Figure 3.6: Impedance transformation at back-off and saturation for main and
auxiliary amplifiers.

3.7 Output Matching Network

Once the optimal load impedances of the devices are known from load-pull analysis,
the OMNs for both amplifiers can be designed. For the OMN of the main amplifier,
it should present the impedance that corresponds to high efficiency at back-off level
and provide maximum output power at saturation. Similarly, for the auxiliary am-
plifier, the OMN needs to exhibit a quasi-open circuit characteristic at the back-off
and yield maximum output power at saturation. The OMN networks can be de-
signed in the form of a complete three-port combiner [16]. However, in this design,
the OMNSs are first designed individually. Then these OMNs are combined and op-
timized to achieve the desired LM. In this section, the complete design process will
be explained in a step-by-step manner.

The OMN can be modeled as a lossless, reciprocal, two-port network. The S-
parameter matrix of such a network can be given as [21]:

S = lSH Sm] N R (3.5)
So1 Sag 1 — | Sop|2el21 Sa2

In this context, the symbol 65, represents the phase of the Sy;. The S-parameter
matrix can be converted to ABCD parameters, which are as follows:
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(1 — S3,e72021)(1 — Syy) + (1 — | Sa|?)ei2021
24/1 — |522’2€j921
(1 — S3,e72021)(1 + Spp) — (1 — | Sgg|?)ed2
2\/@@]921
1 (14 S3,e72921)(1 — Sog) — (1 — | Saa|?)ei?
Zo 24/1 — |522|2ej921

1+ 55,672020) (1 4 Spy) + (1 — | Sgo|?)ei?2

21/ 1-— |522|2€j921

The OMN of the auxiliary amplifier will be discussed here in detail. The two-
port representation of the OMN of the auxiliary amplifier is shown in Figure 3.7.
During the low-power region, the OMN of the auxiliary device should effectively
convert the impedance Zoyr o1 to Zour o which corresponds to the quasi-open
and drain impedance of the device respectively. Conversely, when the amplifier
operates in saturation, the impedance Z, which is obtained from load-pull should
be transformed to Z,1, which corresponds to some desired impedance value. Once
these four impedances are known, the design parameters of the OMN i.e. Sy and
051 can be obtained.

A:

B:ZO

(3.7)

C= (3.8)

o

(3.9)
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Figure 3.7: Auxiliary OMN modelled as a 2-port ABCD matrix.

The voltages and currents on both sides of the auxiliary OMN can be expressed in
terms of ABDC parameters as:

W ) [é gl l—‘/]] - [é gl m (3.10)
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At the back-off level, the auxiliary device is turned off and its output impedance is
taken as Zyy o As V, = 1! Zyu o, the output impedance of the auxiliary amplifier
becomes [21]:

‘/al o Zout_a14 + B

Dot ap = -2 = ZoutaZ T2 3.11
tal I(/zl Zoutiac + D ( )
At saturation, the same relationship is transformed to:
Z*A+ B
= e 3.12
“ T ZxC+ D (3.12)

Table 3.1: Impedance values for main and auxiliary amplifiers.

Frequency
(GHZ) Zm Zml Zout,m Zout,ml
1.85 174+322Q 30Q 11 +j35Q 20.5-j%18.9Q
2.95 II+3j100Q 3092 9+3300 150
2.65 2+140 300 7+24Q 1347860
F\r(ecq;lil_lezn)cy Za Zal Zout,a Zout,al
1.85 I7+3220 300 035-j49Q 111 +j465 O
2.25 4 F3190 309 035-339Q  Quasi-Open
2.65 1245140 30Q 0.35-j32Q 75 - 340 Q

Taking the example of the center frequency 2.25 GHz, the optimum load impedance
for the auxiliary amplifier is found from load-pull as Z, = 14 4 j19 2 while Z,; is
chosen to be 30 2, as it gave a better response with a simpler network compared to
50 2 . The output impedance of the auxiliary device is found to be Z,,; o1 = 0.35
- j39 Q. Using (3.12), the value of Sy is calculated. This obtained value is used in
equation (3.11) and a set of impedances Z,,; .1 can be plotted considering 0y, as a
degree of freedom. To transform 0.35 - j39 €2 to a quasi-open condition, a value of
021 = 95° is taken. Due to periodicity, multiple values of 65; can be chosen but the
smallest value provides the least frequency dispersion for a wideband design. The
same can be done for the other frequency points as well and a complete two-port
S-parameters representation can be obtained.

Once the two-port S-parameters of the desired OMN have been obtained, the OMN
can be synthesized. There are different network synthesis techniques available in
the literature which can be used [23]. However, the OMNSs in this design were syn-
thesized in ADS. The S-parameters matrix obtained as a result of the two-point
matching technique was used as a starting point for the OMN design. A two-section
impedance transformer was chosen for the OMNSs of both the main and auxiliary am-
plifiers as it is a well established architecture known to provide wideband response
[30] . The synthesized OMN was tuned and optimized in ADS for both back-off
and saturation conditions. The combiner obtained as a result of optimization and
its corresponding performance is shown in Figure 3.8. The performance of the ideal
combiner is satisfactory with a 6 dB OBO DE of higher than 50% for both the bands.
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For the main amplifier, the OMN is required to present optimal load impedance
for high efficiency at the back-off level and optimal load impedance for maximum
output power at saturation. Using a similar two-point matching technique for the
main amplifier, the OMN for the main is designed. The impedances which were
transformed using this two-point matching technique are tabulated in Table 3.1.

Main @—] } i I | I [ }—e Auxiliary
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Figure 3.8: Ideal output combiner. (a) Schematic. (b) Simulated results.

3.8 Input Matching Network

To achieve wideband performance from the DPA, the design of an input matching
network (IMN) can have a significant impact. The IMN is responsible to provide
optimal source impedances to the active device, corresponding to the optimal load
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impedances for each frequency point. Thus, to achieve an overall wideband response,
a wideband IMN is required to be designed. There are several techniques available
in the literature which can be used to design wideband IMNs. The technique used
in this design is called the stepped impedance transformer [25],[27],[28],[29].

Initially, a 3-stage stepped impedance low pass filter with 6 reactive elements was
designed by using the transformation tables available in [26]. The design constraints
included a fractional bandwidth of 60% around the center frequency of 2.25 GHz.
The optimal source impedance was found through the load-pull analysis in ADS
where the real part was 5{). Therefore, in order to design a real-to-real impedance
transformer to transform 5 2 to 50 €2, an impedance transformation ratio of 10:1
was selected.

2.48 nH 1.26 nH 0.42nH

|_
|_

9.9 pF

1.7 pF 5.1 pF
500 3 T g T | z,

freq, GHz
(b)

Figure 3.9: Simulated performance of the designed stepped impedance low pass
filter. (a) Schematic with lumped components. (b) Simulated S-parameters.

First of all, a normalized design was selected for the stepped impedance low pass

filter and the values of the reactive elements were obtained from tables available
in [26] as per the considered design constraints. The normalized values of reactive
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Table 3.2: Stepped Impedance Low Pass Filter Component Values

Element Normalized Value Licrilsgd\%llgri;ﬁs

gl 0.12 L1 =248 nH
g2 7.01 Cl1 =99 pF
23 0.35 L2 =T1.26 nH
g4 3.57 C2 =5.1pF
gh 0.70 L3 =248 nH
g6 1.12 C3 =1.7pF

elements are represented as g1, ¢i... g,. Once the values have been determined, they
were transformed into lumped element values of capacitors and inductors using the
following equations [26]:

Wy, R
(2

Cr = Cu(=)(5) (3.13)

m

W

L= L(22)( )
where Cy and L are the scaled values while C}, and L, are the normalized values
of the elements. w, is the normalized radian frequency which is taken as 1 while
wy, is the mean of the higher and lower frequency which corresponds to the scaled
center frequency i.e., 2.25 GHz. The values of R and R’ are taken as 50 and 1 as
they are the impedance scaling factor. The finalized values of the lumped elements
after the scaling are tabulated in 3.2. The schematic and response of the designed
lumped element filter is shown in Figure 3.9.

(3.14)

The same technique was used to design the IMNs for the main and auxiliary ampli-
fiers. However, the challenge here is that these types of impedance transformers are
used to perform a real-to-real impedance transformation while the optimal source
impedances are generally complex. So the synthesized real-to-real impedance trans-
former was taken as a starting point to design the IMNs. The network was converted
to transform real-to-complex impedance transformation using tuning and optimiza-
tion in ADS. Once the optimized real-to-complex impedance transformer was ob-
tained, the lumped elements were converted to distribute elements i.e., transmission
lines using Eqgs. 3.8 and 3.9. The finalized IMNs for both the main and auxiliary am-
plifier can be observed in Figures 3.12 and 3.13. Here the high impedance lines act
as series inductors while the low impedance lines act as shunt capacitors. These final
IMN networks are obtained after rigorous optimization and tuning to achieve the

best possible results for output power, gain, and efficiency for the desired frequency
bands.

ZoL
| = 3.15
B8 T (3.15)
ZlowC
= 1
el Z (3.16)
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Figure 3.10: Illustration of the input impedance transformation.

At the input of the DPA, an off-the-shelf 90-degree hybrid (Anaren, X3C22E3-03S)
is used to split the input into two paths with one having a leading phase. For the
simulations, the S-parameters provided by the manufacturer were used. The phase
shift introduced by the hybrid is compensated by the OMN in the auxiliary branch.

3.9 Post Matching Network

The OMN for both the main and auxiliary devices are designed to transform com-
plex impedances to a real impedance of 15 and 30 2. At saturation, as both the
devices are on and connected in a parallel configuration, the resultant impedance at
the common node at saturation is also 15 2. To transform this impedance of 15 €2
at the common node to 50 Ohms impedance at the output, a four-section Cheby-
shev impedance transformer is designed using Table 5.2 in [31]. For the case of four
sections, impedance transformation ratio of % = 3 and reflection coefficient magni-
tude of I'y; = 0.05, the impedances of each of the section can be easily determined
[31]. The lengths of the transmission lines were calculated for each section and then

tuned in ADS to get the desired results.
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Figure 3.12: Schematic of the designed DB-DPA.

3.10 Simulation Results

The components of the DB-DPA like IMNs for main and auxiliary, OMNs, and
the PMN were simulated individually as well as the complete DB-DPA, using Mo-
mentum RF simulations in ADS, in tandem with optimization at each step. The
finalized schematic and layout of the designed DB-DPA are shown in Figures 3.12
and 3.13. Furthermore, in order to simulate a realistic scenario, Modelithics models
of the capacitors, inductors, and resistors were used and subsequently, simulations
were performed. The final simulation results obtained as a result are presented in
Figure 3.14. The peak power, DE at 6 dB OBO, and DE at peak power are also
tabulated in Table 3.3. DE higher than 49 % is observed at 6 dB OBO while it goes
to higher than 60 % at peak power, for all the frequency points respectively. The
peak power delivered to the load at the desired frequencies is above 47 dBm (50
Watts) for all frequencies except 2.7 GHz which is just slightly below this level i.e.,
46.9 dBm. The gain ranges from 13 dB to 17 dB at the 6 dB OBO. These simulation
results were deemed acceptable and the DB-DPA was sent for fabrication.
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Figure 3.13: Finalized layout of the designed DB-DPA.

Table 3.3: Simulation Results

Frequency Efficiency (%) Efficiency (%) Peak Power

(GHz) 6 dB OBO Peak Power (dBm)
1.8 92.5 67.2 47.7
1.85 ol.1 63.6 47.2
1.9 49.5 64.3 47.3
2.6 53.8 75.8 47.9
2.65 50.6 76.7 477
2.7 49.1 72.9 46.9
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4

Measurement Results

In order to validate the performance of the designed DB-DPA, a thorough mea-
surement scheme was adopted. PA measurements are challenging as they require
the user to consider a number of factors while performing. These involve a number
of different instruments which include Signal Generators (SG), oscilloscopes, vector
network analyzers (VNA), spectrum analyzers (SA), and power meters, etc which
must be used with a lot of care. In this chapter, all the steps undertaken to perform
the measurements are elaborated in detail.

Figure 4.1: Photograph of the fabricated DB-DPA.

4.1 DC Analysis

The first step in PA measurements is the DC analysis in which the PA is connected
to the power supplies which is referred to as biasing the device, and its response is
observed. The fabricated DB-DPA is shown in Figure 2.7. The DB-DPA required
multiple supplies as it involved two transistors which are required to be biased at
the gate and drain. As the main amplifier operates in class-AB operation, it was
biased at -2.85 V at the gate and 50 V at the drain. The auxiliary amplifier is biased
at -6.5 V at the gate and 60 V at the drain and this same bias setup was used for
all the results which are presented in the subsequent sections.

As the transistors used are GaN-HEMTs, therefore, the bias voltage used in the
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simulations do not correspond exactly to the reality. This is an important consider-
ation for biasing the DB-DPA. Thus once the gates and drains are supplied with DC
voltages, the gate voltage of the main device is increased till the device is drawing
the required amount of quiescent current (Iy,). The value of 1,4, of 40 mA is taken
from the simulations to make the comparison between the simulations and the ac-
tual DB-DPA valid.

After biasing the amplifier, its behavior is observed to see if there are any fluc-
tuations in the drain current that are caused by instability of the PA. The designed
DB-DPA was observed to be stable in this regard. The stability was further an-
alyzed using an SA and it was observed to be stable with no oscillations. It is
extremely important to ascertain the stability of the DB-DPA before proceeding
with the small-signal measurements.

4.2 Small-Signal Measurements and Results

The next step in the measurement process is to perform the small-signal S-parameters
measurement. The pre-requisite is a stable device that has cleared the DC analy-
sis. The small-signal measurements are performed using a VNA and the setup is
shown in Figure 4.2. The first and foremost step is to calibrate the VNA ports
which include S-parameter and power-calibration. Once calibrated, the DB-DPA
was connected to the VNA ports with some attenuation at the output. For this
measurement, a 20 dB attenuator was connected to the output of the DB-DPA, and
the S-parameters were measured.

Figure 4.2: Small-Signal Measurement Setup.

The measured and simulated S7; and Ss; are illustrated in Figure 4.3. From the
figure, it can be observed that the measured results are approximately concurrent
with the simulated results. The Si; in the lower band is higher than simulations but
it is still acceptable. For the higher band, the measured results are better in contrast
to the simulations. The Sy is slightly higher and shifted compared to the simulated
results, especially in the lower band. This might be caused by some resonance in
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the IMNs. This higher value of S in the lower band will translate to higher than
expected gain which will be shown in the large signal measurements.

— »
@ 151 T 1
e ¢ LEmw
—~ [t
3 T
[y
S -20 - .
= -
o '
2 ;
= 25 = 1
H

-35 + —dB(S11
snnnn dB(S11

meas)
sim)

_40 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency (GHz)

(a)

20 T T T T T T T T T

Magnitude (dB)

g | | —B(S21, ) 1

snuss dB(S21

sim)

_25 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Frequency (GHz)
(b)
Figure 4.3: Measured and simulated S-parameters. (a) Si;. (b) Sa.

37



4. Measurement Results

4.3 Large-Signal Measurements

The most important and critical measurements for a PA are the large-signal mea-
surements which provide the complete extent of the PA’s performance. Large-signal
measurements are extremely challenging as they require an intricate measurement
setup involving a number of instruments. The large-signal setup used for the mea-
surement of the designed DB-DPA is shown in Figure 4.4. Different instruments are
visible which include SG, oscilloscopes, and a power meter along with a driver am-
plifier and some passive components like a circulator, coupler, and attenuators. A
filter with a cutoff frequency of 2.7 GHz was added to the output in order to measure
the power of fundamental tone only excluding the harmonics. These attenuators,
circulator and coupler were all categorized using a VNA in order to compensate for
any added losses due to these components.

Figure 4.4: Large signal measurement setup actual.

Figure 4.5 illustrates how the measurement setup is connected. The SG provides
the pulsed RF signal of a 10% duty cycle, which is fed into the driver PA for ampli-
fication. The driver PA output has a circulator in order to avoid strong reflections
and ensure a one-way path for the RF signal. From the circulator, the RF signal
enters a coupler which is a 3-port device. The output port of the coupler is con-
nected to the input of the DB-DPA while the coupled port is connected to a power
sensor through a 20 dB attenuator. This coupled port output is used to measure
the RF power at the input stage. The output of the DB-DPA is also connected to a
power sensor through an attenuator of 40 dB, to measure the DB-DPA output power.

The DC supply path of the DB-DPA is another important aspect of the measure-
ment which is required to be measured accurately to calculate the efficiency of the
DB-DPA. As mentioned earlier, there are DC supplies connected to the gates and
drains of the two transistors to bias the DB-DPA. In order to calculate the DC
power, the drain currents for the main and auxiliary amplifiers are required to be
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Figure 4.5: Large signal measurement setup connection diagram.

measured accurately. Initially, Digital Multi-Meters (DMMs) were used to measure
the drain currents, but it was found that for a pulsed signal, DMMs are not accu-
rate. Furthermore, the electron trapping effect in GaN devices also contributes to
making a DMM measurement inaccurate. Instead, a current probe connected with
an oscilloscope was used which provided an accurate output of the drawn current.
An instance of the oscilloscope with current measurement is shown in Figure 4.6.

The measurement setup was automated and controlled using a MATLAB script.
The large-signal measurements were initially performed using the power sensors
and power meter, however, the results were deemed inaccurate due to the power
sensors’ overdue calibration as well as suspected inaccurate performance for pulsed
operation. Consequently, the large-signal measurements were performed using an
SA by calibrating it for each frequency point with a CW signal. The power sweeps
were performed for the desired bands of operation and the final results are shown in
Figures 4.7-4.9. The measured performance is also tabulated in Table 4.1. Figures
4.7 and 4.8 show the efficiency and gain response of all the frequencies in the band.
Figure 4.10 illustrates the efficiency of the DB-DPA at saturation and 6 dB OBO
for the complete frequency band along with the output power.

4.4 Analysis of the Measurement Results

From Table 4.1, it is clear that the DE obtained from the measurements is approx-
imately 8-9% lower for all frequency points compared to simulations. The DE at
6 dB output back-off (OBO) for all frequency points is above 41%. For 1.85 GHz,
the DE at 6 dB OBO is 41.2% while for 2.65 GHz, DE is 44.6%. At a peak power
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Figure 4.6: Oscilloscope display of the current measured using a current probe.

level of 48 dBm, the DE is 55.6% for 1.85 GHz while for 2.65 GHz, DE is 54.5% for
a peak power of 47.4 dBm. Considering an OBO of 4.5 dB, the DE is higher than
45.6% while at peak power it is higher than 53.8% for all the frequency points. The
peak power is approximately 48 dBm for the lower band while it ranges from 47.1
to 47.5 dBm for the upper band.

The gain curves have more deviation from the simulations than expected. The
gain for 1.8 GHz is lower than simulations but higher for the two other frequencies
of the lower band i.e., 1.85 GHz and 1.9 GHz. This correlates with the small-signal
response of the DB-DPA as there is a higher-than-expected peak for both bands.
Similarly, the upper band gain is also higher than the simulated values. Table 4.2
presents a comparison of the designed DB-DPA with previously published wide-
band and dual-band DPAs. The designed DB-DPA offers a comparatively decent
performance as it provides substantially higher gain and peak power. The efficiency
response at 6 dB OBO is also satisfactory.
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Table 4.1: Measured performance of the DB-DPA.

Frequency Peak Power DE % DE % DE %
(GHz) (dBm) 6 dB OBO 4.5 dB OBO Peak Power
1.8 47.7 41.6 45.6 54.9
1.85 48.0 41.2 49.8 55.6
1.9 48.1 43.0 51.6 53.8
2.6 47.5 41.6 47.8 55.2
2.65 47.4 44.6 47.0 54.5
2.7 47.1 43.5 46.6 55.4

Table 4.2: Comparison of DB-DPA with already published literature.

Freq  Efficiency (%) Efficiency (%) Peak Power Gain

Ref (GHz) 6dB OBO  Peak Power (dBm) (dB)
[13] 1.8/2.4 64/49 71/62 43/43 12/10
[17] 1.9/35 40/30 59/49 128/41.8  8/115
[35] 1.9/2.6 45/51 65/61 i45/442  15/17
[36] 2.15/3.4 52/51 68/55 473/47  9/105
This work 1.85/2.65 A1/44 50/47 48/47.4  14.5/20
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Conclusion and Future Work

To summarize, this thesis work has presented a comprehensive design procedure for
the design, implementation, and measurements of a concurrent DB-DPA operating
at 1.85 and 2.65 GHz with a bandwidth of 100 MHz per band. The performance
of the DPA has been extensively analyzed through simulations and measurements,
providing detailed insights into its capabilities.

The measured results demonstrate satisfactory performance in terms of back-off
DE, with a consistent DE exceeding 41% at a 6 dB back-off across all desired fre-
quencies. Moreover, the DPA exhibits good performance with peak DE exceeding
50%, reaching a minimum of 47 dBm output power in the desired frequency bands.

This research makes a humble contribution to the field of concurrent DB-DPA de-
sign, showcasing promising results and setting the stage for further advancements
and applications in high-efficiency RF power amplification systems. In the future,
there are exciting prospects for the designed DB-DPA, including linearization and
modulated measurements to enable concurrent operation in both frequency bands.
Validating modulated measurements will pave the way for integrating the DB-DPA
into a 4-way Doherty scheme, involving the incorporation of two additional main
amplifiers. This enhancement of the DB-DPA architecture aims to further improve
efficiency and output power in both bands, ultimately enhancing the overall perfor-
mance of the DB-DPA.
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