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ABSTRACT 
 

The objective of this thesis project was to design a wide band Doherty Power Amplifier 
(DPA) using bare die transistors. Different techniques had been applied in this thesis to make 
a DPA wide band while maintaining its efficiency and power. The study of a phase shifter and 
combiner network was made to find a solution to achieve the desired bandwidth. To 
determine the best suitable class of amplifier for DPA design, three different classes A, B, AB 
were considered. The symmetric AB class was used for the main and peak amplifiers. A 15 W 
GaN HEMT transistor was used for both main and peak amplifiers. The desired range of 
frequency is from 2 GHz to 3 GHz having 46 dBm peak power with 60% efficiency and 55% 
efficiency at 6 dBm back off. For the combiner, network Roger’s RO4350, Arlon’s AD1000 
and STMicroelectronics’ glass substrate with copper fabricated on it was used. The size of the 
combiner was 3 mm x 8 mm for AD1000 and 0.7 mm x 0.9 mm for glass substrate. The phase 
shifter was designed using GaAs technology. The thesis work was validated using ADS 
Design Tool v2011 and v2009 using design kits for GaAs and glass substrate. Multiple design 
configurations were simulated, and the design supporting high efficiency and good bandwidth 
was considered. The band achieved was 2 GHz to 3 GHz with an average efficiency of 58% at 
46 dBm peak power and 51% average efficiency at back off power of 40 dBm using the three 
different substrates. The designed DPA can be used for multiple wireless communication 
systems such as LTE and WCDMA. 
 
 

Keywords: Doherty power amplifier, GaN transistor, power amplifier, wideband power 
amplifier





Acknowledgments 
 
 We would like to thank our parents for supporting us both financially and morally. Without 
their encouragement we could not make it possible. 
 
We would like to show our gratitude to Pär Schöldström and Thomas Lejon for giving us the 
opportunity to work on the thesis and expands our horizons for us to explore the industry. 
 
We would like to say special thanks to our mentor Björn Almgren for guiding us throughout 
the thesis. It was nice working with him and his way of teaching has intrigued our interest in 
RF electronics and built our concepts. We would also like to thank our supervisor in Blekinge 
Institute of Technology, Wlodek Kulesza, for his cooperation. 
 
 
We would like to show our utmost gratitude to all the people who helped us and guided us 
throughout the thesis .We would like to thank the whole PA Department at Ericsson, Kista for 
helping us in solving our problems during the thesis.  



  



Table of Contents 
 
ABSTRACT ............................................................................................................................... 3 
Acknowledgments ...................................................................................................................... 5 
Chapter 1. Introduction ............................................................................................................ 13 
1.1 Doherty Power Amplifier ................................................................................................... 13 
1.2 Thesis Objective and Motivation ....................................................................................... 13 
1.3 Outline of Thesis ................................................................................................................ 14 
Chapter 2. Survey of Related Work ......................................................................................... 15 
Chapter 3. Problem Statement and Research Question ............................................................ 17 
3.1 Problem Statement ............................................................................................................. 17 
3.2 Research Problem ............................................................................................................... 17 
3.3 Thesis Contribution ............................................................................................................ 18 
Chapter 4. Single Ended Power Amplifier Design and Simulation ......................................... 19 
4.1 Classes of Single Ended PA ............................................................................................... 19 
4.1 Metrics of Performance ...................................................................................................... 19 

4.1.1 Power Utilization Factor (PUF) .................................................................................. 19 
4.1.2 Drain Efficiency (DE) ................................................................................................. 20 
4.1.3 Power Added Efficiency (PAE) .................................................................................. 20 
4.1.4 Gain ............................................................................................................................. 20 

4.2 Losses and their Effects ...................................................................................................... 20 
4.2.1 Thermal Loss ............................................................................................................... 20 
4.2.2 Parasitic Capacitance (C) ............................................................................................ 20 
4.2.3 Mismatch Loss ............................................................................................................ 21 
4.2.4 Effects of Harmonics ................................................................................................... 21 

4.3 Single Ended Class AB PA ................................................................................................ 22 
4.4 Transistor Load Impedance ................................................................................................ 22 

4.4.1 Load Line Analysis ..................................................................................................... 22 
4.4.2  Load Pull Analysis ..................................................................................................... 24 

4.5 Output Matching Network Analysis .................................................................................. 25 
4.6 Maximum Power Transferred Through Input Match ......................................................... 27 
4.7 Drain and Gate Bias Circuit ............................................................................................... 27 
4.8 Analysis of Final Single Ended  PA Design ...................................................................... 28 

4.8.1 Power Sweep ............................................................................................................... 29 
4.8.2 Frequency Sweep ........................................................................................................ 31 

Chapter 5. DPA Design and Analysis ...................................................................................... 33 
5.1 Theoretical Background to DPA Design ............................................................................ 33 

5.1.1 Efficiency at Back off Condition ................................................................................ 35 
5.1.2 Efficiency at Peak Power ............................................................................................ 36 

5.2 Impedance Inverter ............................................................................................................. 36 
5.3 Phase Shifter ....................................................................................................................... 37 
5.4 Input Drive Signal .............................................................................................................. 37 
5.5 Specifications of DPA ........................................................................................................ 38 
5.6 Analysis of Parasitic Elements on Performance ................................................................ 39 
5.7 DPA Model Simulation Verification .................................................................................. 40 

5.7.1 Combiner Network Model .......................................................................................... 40 
5.7.2 Phase Shifter ................................................................................................................ 41 
5.7.3 Input Drive Signal for DPA ........................................................................................ 41 

5.8 DPA Model with combiner on RO4350 Substrate ............................................................. 43 
5.8.1 Power Sweep at 2.1 GHz ............................................................................................. 44 



5.8.2 Power Sweep at 2.5 GHz ............................................................................................. 45 
5.8.3 Power Sweep at 2.8 GHz ............................................................................................. 46 

5.9 DPA Design with combiner on AD 1000 ........................................................................... 48 
5.9.1 Power Sweep at 2.1 GHz ............................................................................................. 48 
5.9.2 Power Sweep at 2.5 GHz ............................................................................................. 49 
5.9.3 Power Sweep at 2.8 GHz ............................................................................................. 51 

5.10 DPA Design with combiner on Glass Substrate ............................................................... 52 
5.10.1 Power Sweep at 2.1 GHz ........................................................................................... 54 
5.10.2 Power Sweep at 2.5 GHz ........................................................................................... 55 
5.10.3 Power Sweep at 2.8 GHz ........................................................................................... 57 

5.11 Comparison on Performance of Three Different Substrates ............................................ 58 
Chapter 6. Conclusion and Future Work .................................................................................. 59 
6.1 Conclusion .......................................................................................................................... 59 
6.2 Future Work ....................................................................................................................... 59 
References ................................................................................................................................ 61 
 



Table of Figures 
 

Figure 4.1 Distorted current waveform due to harmonics........................................................ 21 
Figure 4.3 Schematic for DC Analysis ..................................................................................... 23 
Figure 4.4 DC-IV Curves and load line for Class AB amplifier of GaN Transistor ................ 23 
Figure 4.5 Load line of GaN transistor .................................................................................... 24 
Figure 4.6 Load pull contours for GaN Transisitor .................................................................. 24 
Figure 4.7 Smith chart matching using TL .............................................................................. 25 
Figure 4.8 Equivalent matching network using TL .................................................................. 25 
Figure 4.9 Network response of TL matching ......................................................................... 26 
Figure 4.10 Matching Network for GaN Transistor using lumped element on Smith Chart ... 26 
Figure 4.11 Equivalent schematic for LC matching................................................................. 26 
Figure 4.12 Network response of LC matching network ......................................................... 27 
Figure 4.13 Bias network using quarter wave transformer ...................................................... 28 
Figure 4.14 Bias circuit using inductors ................................................................................... 28 
Figure 4.15 Finalized circuit of single ended PA ..................................................................... 29 
Figure 4.16 Intrinsic drain voltage and current waveform ....................................................... 29 
Figure 4.17 Power sweep waveform of current and voltage .................................................... 30 
Figure 4.18 Power sweep of DE versus output power ............................................................. 30 
Figure 4.19 Power sweep plot of gain versus output power .................................................... 31 
Figure 4.20 Frequency sweep of intrinsic drain current and voltage ....................................... 31 
Figure 4.21 Frequency sweep plot of the output power versus frequency ............................... 32 
Figure 4.22 Frequency sweep plot of PAE and DE ................................................................. 32 
Figure 5.1 DPA topology ......................................................................................................... 33 
Figure 5.2 Equivalent diagram of DPA Topology ................................................................... 34 
Figure 5.3 Output current of DPA versus input voltage .......................................................... 37 
Figure 5.4 Output voltage versus input voltage of DPA .......................................................... 38 
Figure 5.5 Illustration of multilayer glass substrate on ADS 2011 .......................................... 39 
Figure 5.6 Equivalent circuit of transistor with parasitic elements .......................................... 39 
Figure 5.7 Combiner networks at (a) RO4350 (b) AD1000 and (c) Glass Substrate .............. 40 
Figure 5.8 Phase shifter circuit for (a) Combiner network on RO4350 and AD1000 (b) 
Combiner network on glass substrate ....................................................................................... 41 
Figure 5.9 Voltage phase of (a) phase shifter for RO4350 and AD1000 (b) phase shifter for 
glass substrate ........................................................................................................................... 41 
Figure 5.10 Input drive schematic ............................................................................................ 42 
Figure 5.11 Output of SDD2P block ........................................................................................ 43 
Figure 5.12 DPA schematic using RO 4350 for combiner ...................................................... 43 
Figure 5.13 Efficiency versus output power at 2.1 GHz using RO4350 substrate for combiner 
network ..................................................................................................................................... 44 
Figure 5.14 Drain current and voltage waveforms for (a) main amplifier and (b) peak    
amplifier, for different input drive levels at 2.1 GHz ............................................................... 44 
Figure 5.15 Impedance of combiner on RO4350 at 2.1 GHz .................................................. 45 
Figure 5.16 Efficiency versus output power at 2.5 GHz using RO4350 substrate for combiner 
network ..................................................................................................................................... 45 
Figure 5.17 Drain current and voltage waveforms for (a) main amplifier and (b) peak 
amplifier, for different input drive levels at 2.5 GHz ............................................................... 46 
Figure 5.18 Impedance of combiner on RO4350 at 2.5 GHz .................................................. 46 
Figure 5.19 Efficiency versus output power at 2.8 GHz using RO4350 substrate for combiner 
network ..................................................................................................................................... 47 



Figure 5.20 Drain current and voltage waveforms for (a) main amplifier and (b) peak 
amplifier, for different input drive levels at 2.8 GHz ............................................................... 47 
Figure 5.21 Impedance of combiner on RO4350 at 2.8 GHz .................................................. 47 
Figure 5.22 DPA schematic using AD1000 for combiner ....................................................... 48 
Figure 5.23 Efficiency versus output power at 2.1 GHz using AD1000 substrate for combiner
 .................................................................................................................................................. 48 
Figure 5.24 Drain current and voltage waveforms for (a) main amplifier and (b) peak        
amplifier, for different input drive levels at 2.1 GHz ............................................................... 49 
Figure 5.25 Impedance of combiner on AD1000 substrate at 2.1 GHz ................................... 49 
Figure 5.26 Efficiency versus output power at 2.5 GHz using AD1000 substrate for combiner
 .................................................................................................................................................. 50 
Figure 5.27 Drain current and voltage waveforms for ............................................................. 50 
(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.5 GHz............ 50 
Figure 5.28 Impedance of combiner on AD1000 substrate at 2.5 GHz ................................... 51 
Figure 5.29 Efficiency versus output power at 2.8 GHz using AD1000 substrate for combiner
 .................................................................................................................................................. 51 
Figure 5.30 Drain current and voltage waveforms for ............................................................. 52 
(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.8 GHz............ 52 
Figure 5.31 Impedance of combiner on AD1000 substrate at 2.8 GHz ................................... 52 
Figure 5.32 DPA schematic using Glass Substrate for combiner ............................................ 53 
Figure 5.33 Layout of combiner network using Glass substrate on CAD ............................... 53 
Figure 5.34 Efficiency versus output power at 2.1GHz using Glass substrate for combiner .. 54 
Figure 5.35 Drain current and voltage waveforms for ............................................................. 54 
(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.1 GHz............ 54 
Figure 5.36 Impedance of combiner on Glass substrate at 2.1 GHz ........................................ 55 
Figure 5.37 Efficiency versus output power at 2.5GHz using Glass substrate for combiner .. 55 
Figure 5.38 Drain current and voltage waveforms for ............................................................. 56 
(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.5 GHz............ 56 
Figure 5.39 Impedance of combiner on Glass substrate at 2.5 GHz ........................................ 56 
Figure 5.40 Efficiency versus output power at 2.8 GHz using Glass substrate for combiner . 57 
Figure 5.41 Drain current and voltage waveforms for ............................................................. 57 
(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.8 GHz............ 57 
Figure 5.42 Impedance of combiner on Glass substrate at 2.8 GHz ........................................ 58 

 



List of Table 
 

Table 4.1 ................................................................................................................................... 27 
Comparison of PA performance with and without matching network ..................................... 27 
Table 4.2 ................................................................................................................................... 31 
Performance Evaluation of PA over Power Sweep .................................................................. 31 
Table 4.3 ................................................................................................................................... 32 
Performance Evaluation of PA over Frequency Sweep ........................................................... 32 
Table 5.1 ................................................................................................................................... 38 
Design specification of DPA .................................................................................................... 38 
Table 5.2 ................................................................................................................................... 39 
Design specification of DPA .................................................................................................... 39 
Table 5.3 ................................................................................................................................... 40 
Comparison of three substrates ................................................................................................ 40 
Table 5.4 ................................................................................................................................... 58 
Comparison of peak power performance between the substrates ............................................ 58 
Table 5.5 ................................................................................................................................... 58 
Comparison of average power performance between the substrates ....................................... 58 
 
 
 



List of Abbreviation 
 
 
DC Direct Current 
DE Drain Efficiency 
DPA Doherty Power Amplifier 
GaAs Gallium Arsenide 
GaN  Gallium Nitride 
HEMT High Electron Mobility Transistor 
LTE Long Term Evolution 
PA Power Amplifier 
PAE Power Added Efficiency 
PAPR Peak to Average Power Ratio 
PUF Power Utilization Factor 
RF 
TL 

Radio Frequency 
Transmission Line 

WCDMA Wideband Code Division Multiple Access 
WiFi Wireless Fidelity 
 



Chapter 1. Introduction 
 
A size, bandwidth, efficiency, cost and power are some of crucial considerations of modern 
wireless communication radio base station systems. It is desired to achieve high power and 
high bandwidth while reducing the size and cost. At present telecommunication systems use 
different frequency bands in different countries which make it difficult to develop 
standardized devices working on all the bands. However, it would be beneficial to design a 
Base Station (BS) which can support at least three frequency bands. One of the elements 
which limit operating frequency of BS is a Power Amplifier (PA). A PA is an important part 
of BS as it is required to enhance the signal strength to cover large distances. 
 
Since RF signal is modulated using a carrier signal therefore peaks of high power can be 
generated by overlapping of tones in the signal. These peaks are usually 6 dB higher than the 
average power of the signal, thus resulting in a 6 dB Peak to Average Power Ratio (PAPR) 
which requires the PA to provide good efficiency at high power too. Since the PA spends 
most of its time in the back off region, therefore there exists need of having a PA which can 
provide the same efficiency for peak power and average power. The conventional classes of 
PA such as class A PA can provide 50% peak efficiency and a class B PA can give 75% to 
78% peak efficiency. These PAs are very linear but both the PAs fail to provide the same 
efficiency at peak power and at back off power [1], [17]. The reason being that as the power 
drops the RF voltage swing reduces causing the efficiency to go down. A Doherty Power 
Amplifier (DPA) was proposed in the 1930s for achieving high efficiency at peak power too. 
 
1.1 Doherty Power Amplifier 
 
The DPA employs two PA units called a main amplifier and a peak amplifier for achieving 
high efficiency at back off power and peak power. The input signal is divided between the 
two PA units using a 3 dB hybrid coupler. These two PA units have a load pull effect on each 
other, which means that operation of one amplifier can have an effect on the impedance of 
other amplifier. For most of the time the peak amplifier is off and the main amplifier is 
working. The peak amplifier starts its operation when the main amplifier reaches its saturation 
[2]. Typically a class AB PA is used for main amplifier and a class C PA is used for peak 
amplifier. 
 
1.2 Thesis Objective and Motivation 
 
The main objective of our thesis was to design a DPA which can operate at wide bandwidth 
and achieve high efficiency over the frequencies from 2.1 GHz to 2.8 GHz. The problem 
associated with designing a wideband DPA is maintaining efficiency over the entire band. 
The problem is what will be the effect of using a wideband matching network on the 
efficiency of DPA. The design of a wideband matching network requires multiple chains of 
inductor-capacitor (LC) components which results in loss of power due to consumption of 
energy by LC components. This in turn results in loss of efficiency.  
 
In DPA design the combining network is required to mix the signals from both the main 
amplifier and peak amplifier. The challenge involved in designing a wideband combiner is to 
maintain the phase shift at all frequencies. A difference in phase shift can lead to loss of 
efficiency due to adverse combination of signals. The second challenge in combiner network 
design is require small size which poses a big problem as it can affects the phases of the 



signal. In this thesis the combiner network is designed on three different substrates which 
have different properties. 
 
In this thesis we consider using the lumped element network and Transmission Line (TL) with 
open circuit and short circuit stub for the matching network. A phase shifter network is placed 
before the matching network of peak amplifier to give the right phase shift in correlation with 
the combiner network. The combiner network is also designed using LC elements and TL. For 
the design of combiner network three different substrates are used and depending on the 
properties of these substrates different combiner network designs are made.  

1.3 Outline of Thesis 
 
Chapter 1 provides an introduction to DPA, objective and the motivation. 
 
Chapter 2 presents a survey of related works.  
 
Chapter 3 presents the problem statement, research problem and main contribution of thesis.  
 
Chapter 4 presents a brief explanation of the single ended PA. The mathematical formulas 
needed to design a PA and techniques which can be used to design a wideband PA are also 
discussed. In the end we present simulation results to validate our design of wideband PA. 
 
Chapter 5 gives a description of DPA. The mathematical formulas which can be used to 
design a DPA are also presented here. The design of power divider network, phase shifter and 
combiner network are also discussed. The three different substrates to be used for combiner 
network design are also discussed. The different design of combiner networks on these 
substrates is also presented. Finally we validate the design of a wideband DPA through 
analysis of results. 
 
Chapter 6 presents the conclusions and future work. 
 



Chapter 2. Survey of Related Work 
 
One of the major issues faced in modern wireless communication systems is the power 
dissipation due to low efficiency of PA. There are techniques available for increasing the 
efficiency; however for a modulated signal there are requirements to have good efficiency at 
maximum power and at back off power. To address this problem a DPA was proposed which 
used vacuum tubes for PA  and resulted in having 65% efficiency at peak and at back off 
power [1].  
 
A new problem faced by DPA was that it did not support high bandwidth. A comprehensive 
analysis on the efficiency of DPA system and a comparison between using a class-B amplifier 
and DPA is made [2]. It is found that by using a DPA the efficiency increases to 60% for peak 
power and 48% for back off power as compared to a class-B’s 28% peak efficiency and 8.5% 
back off efficiency.  
 
In [3] different DPA topologies are analyzed by varying the conduction angle of peak 
amplifier and an analytical method is also developed to determine the optimum output 
performance. It is found that 62% peak efficiency is obtained if the peak amplifier is biased in 
class C.  
 
To obtain better efficiency at back off regime the concept of N way DPA is approached. A 
two-way and three-way DPA are implemented at 2.14 GHz using LDMOS, which resulted in 
25 W average output power having 33% DE as shown in article [4].  
 
For better efficiency, an inverted DPA technique is also developed by using offset line after 
the output matching network [5]. This technique resulted in 52.7% Power Added Efficiency 
(PAE) which is 6.2% higher as compared to a balanced Class AB which has 44.5% PAE at 
860 MHz.  
 
With the increasing requirement in wireless communication to have a higher data rate and 
wider bandwidth, an advanced design methods has been considered to solve the problem of 
memory effects [6]. To reduce memory effect the bias circuit is optimized using a quarter 
wave bias line and a decoupling capacitor for each frequency. The Drain Efficiency (DE) of 
33% is obtained for wide band signal such as that of WCDMA at 2.14 GHz. By using a DPA 
it is found that the efficiency can be increased for a modulated signal, but the problem of 
bandwidth still needs to be addressed. 
 
Bandwidth limiting factors and techniques for increasing the bandwidth of a DPA are 
discussed in [7]. According to [7] a GaN DPA can give a DE of greater than 40% for 5-6 dB 
back off power in the frequency band 2.2 GHz to 2.9 GHz.  
 
As mentioned in [8] a wideband GaN PA with a combining network consisting of quarter 
wave line with 1:4 transforming ratio can be designed. The maximum output power with PAE 
above 60% at peak power and above 30% at 6 dB back off power. 
 
 In [9] a GaN HEMT transistor is used for DPA design and a wideband matching network is 
implemented to achieve high bandwidth between the frequencies of 3.0 GHz to 3.6 GHz. The 
DE achieved at peak power is 55% and at 6 dB back off is 38%.  
 



A simple load matching technique has been presented in [10], in which by varying the load 
impedance using offset TL, the efficiency of a DPA can be increased.  
 
To obtain high power an uneven DPA design has been made by using 10 W LDMOS 
transistors and applying low impedance thru-reflect-line calibration technique [11]. By using 
this technique, 52% DE at 43 dBm peak output power, and 47% efficiency is achieved at 6 dB 
back off power.  
 
Another way of increasing the bandwidth is by using a wideband matching network. Different 
methods are proposed for a wideband matching network in order to increase the power and 
efficiency over a wide frequency range are discussed [12], [13] and [14]. It is found that the 
bandwidth can be increased by using multiple LC links. It is also found that the TL and stubs 
can be used for high bandwidth requirement. 
  
The input signal to the peak amplifier in DPA configuration is 90  phase shifted compared to 
the main amplifier, so a study has been made on different approaches to make a wideband 
phase shifter. In [15] a new type of 90  phase shifter is presented to cover a wide bandwidth 
by using different networks of TL.  
 
A planer microstrip composite right/left handed TL can be used for creating a 90phase shift 
[16]. These are coupled TL with via holes to the ground parallel which worked for 4.2 GHz to 
5.7 GHz with the size less that 35 mm x 50 mm. An analysis of lumped element of quadrature 
is explained for monolithic applications in [17], in which two type of couplers, capacitive and 
inductive, are compared. A use of lumped couplers results in size and cost reduction. A 90

phase shift is obtained over the frequency range 4.2 GHz to 6.2 GHz by using an inductive 
coupler. 
 



Chapter 3. Problem Statement and Research Question 

 

3.1 Problem Statement  

 
According to [6] the two major constraints in designing a wideband DPA are: input and 
output matching networks and combiner network. Various techniques have been employed 
with use of different matching networks and combiner network configurations as presented in 
[7] [8] [9]. The spectrum of interest in the pervious works was the ISM band which has a 
limited bandwidth. For modern communication systems it is required to design a PA which 
can achieve bandwidth upto 200 MHz. At present there are three different bands used to 
support LTE, which are 1.8 GHz, 2.1 GHz and 2.8 GHz. The DPA already designed for LTE 
support only one band due to constraints of matching and combiner network. Achieving 8 dB 
PAPR also becomes a problem in case of high bandwidth. The PAPR defines how high will 
be the peak power as compared to the average power in case if peaks arise. If the same 
efficiency as at average power is not maintained at peak power, then loss of data can occur.  
 
In [12] an attempt is made to design broadband matching network, but the problem was 
achieving efficiency at peak power also. A wideband matching is designed using long chains 
of lumped elements [12], however efficiency flatness is not achieved. In [6] an advance 
method of designing wideband and high efficiency DPA is presented. The authors are able to 
achieve a DE of 33% over the frequency band of 2.14 GHz. This efficiency means that 
approximately 60% of the power is still wasted in the matching networks.  
 
3.2 Research Problem 
 
In the section 3.1 we have described the problem of efficiency loss which occurs due to using 
chains of matching networks, usually made up of TL and LC components. This problem 
degrades the power at 6 dB back off region of DPA. Matching network made by using TL has 
been employed in [4] which result in an increase of efficiency by 10%. A TL matching 
network can be seen as a combination of short and stub lines. They provide good efficiency 
because of fixed phase which results in a stable impedance. We are interested in finding out if 
the same efficiency performance can be achieved by using a lumped element equivalent of 
TL. By using a LC network for impedance matching can also lead to size reduction as 
compared to TL. This is because TL is frequency dependent so a higher frequency can lead to 
longer TL. Therefore, the first research problem to be investigated in this thesis is achieving 
high efficiency by employing LC matching network.   
 
We hypothesize to use LC for matching networks because of their ability to provide stable 
impedance. The performance of LC matching network can vary depending on the material of 
the element and the substrate on which it is mounted. 
 
In order to support the different frequency bands over the world for a single communication 
system, it is important to have a wideband DPA. This will save cost and time in designing a 
separate DPA for each region. Therefore, our second research issue is to design a wideband 
DPA which can be used for different frequency bands over the world. In practice a TL is used 
for both matching network and combiner network. The dependency of TL on frequency leads 



to design of narrow band DPA. We propose to replace the TL networks with LC equivalent to 
achieve performance over a wide bandwidth. 
 
In designing a DPA it is important to maintain phase at both input and at the output of peak 
PA. An out of phase signal can result in an adverse combination of signals from the main 
amplifier and peak amplifier which leads to loss of power. In [3] [4] and [6] a TL is used  to 
provide the relevant phase shift to peak amplifier in order to compensate the phase given by 
combiner network. A TL phase shifter can give 90° phase shift only at the center frequency 
but not at other frequencies. Therefore, our third research problem was to investigate if a 
stable 90° phase shift can be achieved over the entire bandwidth to compensate the phase of 
combiner network.  
 
We propose to use a LC equivalent of TL as a phase shifter to achieve stable phase over the 
entire frequency band. In [14] [15] [16] different phase shifter designs are discussed. We are 
interested to analyze the effects of employing these phase shifters in DPA. 
 
3.3 Thesis Contribution 
 
The main contribution of our thesis is implementation and validation of using LC elements for 
matching network, combiner network and phase shifter in DPA. These LC elements are used 
to achieve high efficiency over a wide bandwidth. 
 
The validation of DPA design is done by analyzing the performance of DPA over different 
frequency bands. The bands of interest are 2.1 GHz, 2.4 GHz and 2.7 GHz. The analysis is 
made by carrying out simulations using Advance Design System (ADS) 2010. 
 
The second major contribution is an analyze of effects of using different substrate materials 
on performance of DPA. Three different substrates are analyzed. The first is a commonly used 
FR4 substrate, the second is a high dielectric substrate and the third is a glass substrate. The 
analysis of performance on these different substrates is done through simulations in ADS 
2010. 



Chapter 4. Single Ended Power Amplifier Design and Simulation 
 
In this chapter a theoretical background and analysis of single-ended PA is presented. A brief 
description of different PA classes and the factor affecting their performance is also 
explained. An analysis of single ended PA is presented.  
 
4.1 Classes of Single Ended PA 
 
The PAs can be divided into different classes depending on their duty cycle. The duty cycle 
can vary from maximum to minimum with maximum meaning that the transistor is operating 
all the time, while minimum means that the transistor conducts for a short period of time. The 
various classes of PA are from Class A to Class E. 
 
A Class A PA is one which is in the ON state through-out its duty cycle. Since the PA is 
working through-out the input cycle therefore the whole input wave can be retrieved at the 
output. Since the PA is in the active state therefore its conduction angle is 360° . The 
maximum drain efficiency of Class A PA is 50%. The efficiency decreases to 25% if input 
power is reduced by 3 dB. 
 
Class B PA has a theoretical efficiency of 78% which is obtained by reducing the conduction 
angle to180 . By reducing the conduction angle, the DC power usage of the transistor is also 
reduced. This reduction in conduction angle results in switching off of the transistor for half 
of the time, thus we get a half wave rectified signal. As a Class B PA rectifies the output, 
therefore in order to obtain the full output signal cycle a push-pull configuration has to be 
done. The efficiency reduces to 50% if the input power is reduced by 3 dB. 
 
Class AB PA is the intermediate class between Class A and Class B. It follows the working 
principle of a Class B PA however it is active for a very short duration during the negative 
cycle so that the device is not fully turned off. The Class AB PA has efficiency from 50% to 
78%. It has a conduction angle between the range 180and 360 . If the input power is reduced 
by 3 dB then the efficiency reduces to 50% [17].  
 
A Class C PA has a theoretical efficiency of 100%. The conduction angle for a Class C PA 
lies between 0 to 180 . The transistor ON cycle is also very narrow because of reduce 
conduction angle. This results in significant reduction of RF power which is a major 
drawback of the Class C PA.  
 
4.1 Metrics of Performance 
 
Following section describe the metrics of performance to be considered in designing PA: 
 
4.1.1 Power Utilization Factor (PUF)  
 
The PUF is a ratio of the RF power delivered by a device of a particular Classes of PA (Class 
A, Class B,etc) to the power it would deliver in a Class A PA [17]. The output power shows 
how much the maximum power is received from the transistor. 
 



𝑃𝑈𝐹 = 𝑃𝑅𝐹,𝑚𝑎𝑥
𝑃𝑅𝐹,max(  𝑎𝑡 𝐶𝑙𝑎𝑠𝑠 𝐴)

  (4.1) 

where, 𝑃𝑅𝐹,𝑚𝑎𝑥 is the maximum available fundamental power of particular Class of PA and 
𝑃𝑅𝐹,max(  𝑎𝑡 𝐶𝑙𝑎𝑠𝑠 𝐴) is the maximum power deliver by Class A PA. 
 
4.1.2 Drain Efficiency (DE)  
 
It is a ratio of the output power to the input DC power [17], 
 

𝜂 = �𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

�  (4.2) 

 
In equation (4.2) dcP  is the input DC power and outP  is the output power of the transistor.  
 
4.1.3 Power Added Efficiency (PAE) 
 
It is define as a difference between the input and the output RF signal power related to the 
power delivered to the PA. This is shown by (4.3) 
 

( )out in

dc

P PPAE
P
−

=  (4.3) 

4.1.4 Gain 
 
The gain of a PA is ratio of the output power to the input RF power when expressed in normal 
scale. Since the gain is usually expressed in dB therefore it becomes a difference of output 
power to load power and expressed as: 
 

dB load avsGain P P= −  (4.4) 
4.2 Losses and their Effects 
 
As PA is a non-linear device so it is more prone to losses. The increase in the amount of 
losses results in decrease of output power, gain and efficiency. The losses vary depending on 
the frequency of operation and input power.  
 
4.2.1 Thermal Loss 
 
The most dominant effect of losses on PA is thermal loss. As the frequency of operation 
increases the thermal loss also increases. These losses also become more effective when a 
high power input signal is applied. Other factor which can initiate thermal loss is PA 
surrounding. If there is an inadequate cooling system then thermal losses can be invoked very 
easily. These heat losses also result in a current leakage cause the device consumes more 
power. The losses due to heat also depend on the kind of substrate over which the PA is 
placed and the type of transistor technology being used. The thermal resistance of transistor is 
calculated in K/W. 
 
4.2.2 Parasitic Capacitance (C) 
 
 The parasitic capacitor occurs when there is a coupling between the output signal and the 
input signal. Due this capacitance the transistor can oscillate at higher frequency which will 



limit the bandwidth of the transistor. One can reduce the effect of these unwanted capacitors 
by compensating them using an equivalent inductor. 
 
4.2.3 Mismatch Loss 
 
The PA also exhibits losses due to mismatch. If the input impedance is not properly matched 
to the load impedance then there will be reflection of power. For the input of the transistor 
there is first a need of conjugate match to reduce the effect of parasitic capacitor at the gate. 
After this the signal generator impedance will be matched to the transistor input. To calculate 
the level of mismatch the return loss is calculated which determines the amount of power 
which is reflected. The return loss can be calculated using the following formula: 
 

1020 log ( )LR = − × Γ    (4.5) 
 

where, Γ is called the reflection coefficient which is a ratio of the reflected voltage 𝑉𝑟𝑒𝑓 to the 
input voltage 𝑉𝑖𝑛 . Γ can be calculated using the following formula: 
 

                                    ref

in

V
V

Γ = = 𝑍1−𝑍2
𝑍1+𝑍2

                                                        (4.6)          

 
where, 2Z  is the input impedance and 1Z is the load impedance. 
 
4.2.4 Effects of Harmonics 
 
Harmonics and conduction angle are another sources of performance degradation in PA. In 
case of non-linear devices the harmonics occur because of sudden increase in current when 
the bias voltage is applied. These harmonics can create constructive and destructive 
interference. If the power level of harmonics is high and if they are added in the fundamental 
waveform then it will cause distortion in the desired signal. The Figure 4.1 shows the current 
waveform being distorted due to harmonics. A similar behavior can be seen in the voltage 
waveform. Such distortions of waveforms result in power dissipation and bandwidth 
reduction. 

 
Figure 4.1 Distorted current waveform due to harmonics 

 
The most important harmonics to be considered are the second and third harmonic. A high 
level of second harmonic results in lowering the mean amplitude of the fundamental wave 
[17]. One can eliminate the harmonics by using a LC resonator at fundamental frequency at 



the output. Another method of reducing the harmonics is by using a quarter wave transformer. 
As the harmonic and conduction angle are inter-related so reducing the conduction angle will 
increase the harmonic level. 

4.3 Single Ended Class AB PA 
 
In this section the different components of a single ended class AB PA are discussed. An 
analysis on each individual component is presented with the help of simulation carried out on 
ADS 2011.  
 
A basic single ended PA with input matching network, output matching network, and bias 
circuits are shown in Figure 4.2. 
 

 
 Figure 4.2 PA with Input and Output Matching Network 

 
The Figure 4.2 shows an ideal PA schematic where input RF voltage (𝑉𝑖𝑛) is applied through 
an AC power source and the bias voltages are applied at the drain and gate terminals. The 
intrinsic RF voltage at the gate is given by 𝑉𝑔𝑠, and 𝑉𝑑𝑠 is the intrinsic voltage waveform at 
the drain. The DC current is 𝐼𝑑𝑐, while the drain-to-source current is  𝐼𝑑𝑠.The output current, 
𝐼𝑜𝑢𝑡, is the difference of 𝐼𝑑𝑐 and 𝐼𝑑𝑠 . The current at the load is given by 𝐼𝑙𝑜𝑎𝑑. 
 
4.4 Transistor Load Impedance 
 
Normally a GaN transistor has load impedance lower than the usual termination of 50Ω . 
Therefore it is necessary to determine the transistor load impedance, before moving on to 
designing the matching network. There are two methods through which the transistor load 
impedance can be determined namely, Load line analysis and load pull analysis. 
 
4.4.1 Load Line Analysis 
 
Load line analysis is a good approximation of the transistor load impedance. This method was 
introduced by Cripps in 1983 [17]. The load line analysis is a simple method of determining 
the load impedance by drawing a line between the maximum current and the maximum 
voltage which the transistor can provide. The circuit for load line analysis is only DC biased 
and no RF signal is fed to the transistor. This analysis is also known as the DC analysis of the 
transistor. The Figure 4.3 shows schematic for DC analysis of a transistor. 
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Figure 4.3 Schematic for DC Analysis 

 
The circuit in the Figure 4.3 shows ideal components being used with the transistor model to 
simulate ideal behavior of transistor. The curves of drain current ( 𝐼𝑑) versus the drain 
voltage (𝑉𝑑) for different values of gate voltage (𝑉𝑔𝑠) are plotted. These curves are known as 
the DC-IV curves and a load line is drawn on these curves. The Figure 4.4 shows the DC-IV 
curves with load line plotted for transistor. 
 

 
 
 

Figure 4.4 DC-IV Curves and load line for Class AB amplifier of GaN Transistor 
 

A load line can give a good approximation of the transistor output power.  The output power 
calculated from load line for the GaN transistor used in this project turned out to be 23 W. 
The simulated load line for a class AB amplifier is shown in Figure 4.5 using the available 
GaN transistor for an input power of 30 dBm at 2.5 GHz. 
 



 
 
 

Figure 4.5 Load line of GaN transistor 
 
For the load line in Figure 4.5 an input power of 30 dBm at 2.5 GHz is used. The maximum 
voltage which the transistor can give is approx. 60 V and the maximum current that can be 
drawn is 3 A. It can also be seen that the load line widens as the drain current increases. This 
is due to the phase difference between voltage and current waveforms which leads to power 
dissipation.  
 
4.4.2  Load Pull Analysis 
 
Load pull analysis is another method for determining the optimum load for the transistor. In 
load pull different loads are shown to the transistor and power, efficiency and gain contours 
are plotted. For this project the load pull measurements were made by using harmonic balance 
simulation in ADS. The Figure 4.6 is the load pull contours of efficiency and power for the 
GaN transistor. 

 
 

Figure 4.6 Load pull contours for GaN Transisitor 
 
From the Figure 4.6 it can be seen that the two contours do not coincide at the same 
impedance. Therefore an optimum impedance point is determined where maximum of power 
and efficiency is achieved. After doing the load pull analysis on the given transistor model, it 
was found out that the optimum impedance is (21 11)j+ Ω  for power and (32 25)j+ Ω  for 
efficiency. 



 
4.5 Output Matching Network Analysis 
 
The optimum impedance ( optR ) obtained from the methods describe in the previous section 
will now be matched to a 50 Ω  termination so that maximum power transfer can be achieved. 
The most common method of determining a matching network is by using a Smith Chart. 
Both the lumped element and TL matching networks were simulated and the one with better 
performance is chosen for PA design. The Figure 4.7 shows the impedance matching on 
Smith Chart using the load pull measurement data, where a load impedance of 50 Ω is 
matched to source impedance of (21 11)j+ Ω .  
 

 
 

Figure 4.7 Smith chart matching using TL 
 
The smith chart in Figure 4.7 consists of TL and short circuit shunt stub elements. The 
matching network was made at a center frequency of 2.5 GHz. The Figure 4.8 is the 
equivalent matching network using TL. 

 
Figure 4.8 Equivalent matching network using TL 

 
The Figure 4.8 consists of two ports in which P1 is the source and P2 is the load. The 
matching network starts with a TL which is followed by a shunt stub. The network response is 
observed so that it can be determined how wide the matching network is. The network 
response of above matching network is shown in the Figure 4.9. 
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Figure 4.9 Network response of TL matching 
 
The Figure 4.9 shows the network response from 1 GHz to 10 GHz. It shows that the 
matching network is very narrow band and is resonating only at 2.5 GHz with a good return 
loss.  
  
In the similar manner a lumped element matching network is made. The matching network 
design is started by placing optR  and the load resistance on the smith chart. A series L and 
shunt C network was built to transform optR to the desired load impedance. The Figure 4.10 
shows the impedance matching on smith chart using lumped elements. 
 

 
 

Figure 4.10 Matching Network for GaN Transistor using lumped element on Smith Chart 
 
The Figure 4.10 shows that the matching network follows the same pattern as the TL 
matching on Smith Chart. The Figure 4.11 shows the schematic of equivalent matching 
network using the lumped elements. 
 

 
Figure 4.11 Equivalent schematic for LC matching 

 
The Figure 4.11 is a combination of LC network. This is an equivalence for matching the load 
impedance with source impedance. The matching network starts with a series inductor 
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followed by a shunt capacitor. The network response of the above matching network is shown 
in the Figure 4.12. 
 

 
 

Figure 4.12 Network response of LC matching network 
 

The Figure 4.12 shows that the matching network has a resonance at higher frequency also. 
This shows that the matching network is wide band enough to easily support wide bandwidth. 
The reason of having this configuration is to achieve a conjugate match that resulting in the 
real impedance of 50Ω .  
 
4.6 Maximum Power Transferred Through Input Match  
 
An input matching to 50 Ω impedance is also required to avoid reflections which can cause 
damage to the generator. An impedance mismatch between the power source and transistor 
will also result in loss of gain and efficiency. There are two methods by which the input 
impedance can be measured. The first method is to use a source pull setup similar to that of 
load pull. The other method is by measuring the input return loss, and then deriving the 
transistor impedance. Applying the second method on the GaN transistor used in this project 
the input impedance turns out to be8 3 j− . The Table 4.1 summarizes the PA performance 
with and without the matching network. 
 

Table 4.1  
Comparison of PA performance with and without matching network 

 
Load pull analysis without matching 
network 

Load pull analysis with matching network 

Output power (dBm) PAE (%) Output power (dBm) PAE (%) 
39.65 57.39 43 76.06 

 
4.7 Drain and Gate Bias Circuit 
 
Biasing is an important part in transistor operation. It actually keeps the transistor in an active 
mode and sets the limit of RF voltage swing. This can be achieved by two ways, either by 
using a quarter wave transformer at the fundamental frequency or by using an inductor of 
suitable value. In this project both methods were considered. The first method was using a 
quarter wave transformer of 50Ω  at the fundamental frequency. The Figure 4.13 illustrates 
the method of using a quarter wave transformer. 
 

f (GHz) 

Return loss (dB) 
Low Frequency 

High Frequency 



 
Figure 4.13 Bias network using quarter wave transformer 

 
In the Figure 4.13 a grounded capacitor of high value is used in parallel to the quarter wave 
transformer to removing the harmonics from drain signal. The quarter wave transformer 
appears to be an open circuit for the fundamental frequency and short circuit for even 
harmonics. The harmonics are then grounded by the parallel capacitor. For the PA designed in 
this project the TL was replaced by an inductor due to space constraints which also helped in 
making a conjugate match for the drain to source parasitic capacitor. The resulting circuit is 
shown in the Figure 4.14. 

 
Figure 4.14 Bias circuit using inductors 

 
In the Figure 4.14 the resistor at gate terminal serves the purpose of avoiding oscillations from 
the transistor. The inductor at the gate bias helps in removing harmonic content from the gate 
waveform. This inductor also serves the purpose of making a conjugate match for the parasitic 
capacitor between gate and source.  
  
4.8 Analysis of Final Single Ended  PA Design 
 
After performing the presented design steps, all components and networks are placed together 
with the transistor for the final PA test. A harmonic balance simulation is carried out, and 



frequency and power are swept to evaluate the performance of the transistor. The frequency 
sweep provides the PA’s performance over the desired frequency band, and the power sweep 
is needed to see the saturation point of the transistor. The assembled PA design is shown in 
the Figure 4.15. 

 
Figure 4.15 Finalized circuit of single ended PA 

 
In the Figure 4.15 the input RF signal is provided through a 50Ω  power source. There are two 
large capacitors at the drain and gate which served the purpose of DC block.. These two 
points are the intrinsic and extrinsic of the transistor. It is more important to view the intrinsic 
waveforms, since it keeps the parasitic capacitors into account. The Figure 4.16 shows the 
intrinsic drain voltage and current waveforms at frequency 2.5 GHz for the GaN transistor. 
 

 
Figure 4.16 Intrinsic drain voltage and current waveform 

 
The Figure 4.16 shows that current waveform has a dip in the positive cycle of the sine wave 
which is because of the third harmonic.  
 
4.8.1 Power Sweep 
 
A power sweep is done by simulation of the PA for different levels of input RF power. After 
running the power sweep, the DE and PAE are plotted versus the output power to observe 
when the transistor goes into compression mode.  
 



The Figure 4.17 shows the current and voltage waveforms for power levels from 0 dBm to   
25 dBm. 
 

 
Figure 4.17 Power sweep waveform of current and voltage 

 
From the Figure 4.17 it is depicted that for lower power level the current and voltage 
waveforms are quite smooth. With increase in power level the harmonic contents are also 
added in the waveforms which de-shape the waveforms.   
 
The Figure 4.18 shows the DE and PAE curves versus output power. 
 

 
 

Figure 4.18 Power sweep of DE versus output power 
 

From the Figure 4.18 it is observed that the maximum output power is 44 dBm with a 
maximum efficiency of approximately 60%. After the maximum output power the transistor 
goes into compression which is called the compression point, and it cannot give any further 
output power.  
 
Another observation to be made from the power sweep is the effect on gain with increasing 
input power. The Figure 4.19 shows a plot of gain versus the output power. 
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Figure 4.19 Power sweep plot of gain versus output power 
 

From the Figure 4.19 it can be seen that the gain is linearly decreasing until the output power 
reaches 41 dBm. After this point the gain starts to decrease more steeply and after 43 dBm of 
output power it decreases rapidly. The 43 dBm point shows that this is the compression point 
of the transistor. 
 
The output power, DE and PAE for PA are summarized in Table 4.2. 
 

Table 4.2  
Performance Evaluation of PA over Power Sweep 

 
Maximum Delivered Power 44 dBm 
Maximum Power Added Efficiency(PAE) 58% 
Maximum Drain Efficiency(DE) 60% 
Maximum Gain 17 dB 
 
4.8.2 Frequency Sweep 
 
Sweeping the frequency gives us information about output power, DE and PAE over the 
frequency range of 2 GHz to 3 GHz. The Figure 4.20 shows the current and voltage waveform 
for the intrinsic drain current of the transistor.  
 

 
 

Figure 4.20 Frequency sweep of intrinsic drain current and voltage  
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In the Figure 4.20, the voltage and current waveforms have been plotted to observe the 
intrinsic drain current from 2 GHz to 3 GHz. The voltage contains a dip over the positive 
cycle of the waveform at 60 V whereas for the intrinsic current of the transistor is 3 A.  
 
The Figure 4.21 shows the output power over the frequency range from 2 GHz to 3 GHz. It is 
observed that the maximum output power over the frequency range of 44 dBm ±  0.1 dBm. 
This power flatness shows that the PA is a wide band.  
 

 
Figure 4.21 Frequency sweep plot of the output power versus frequency  

 
The Figure 4.22 shows the frequency sweep for the DE and PAE. It is seen that the average 
DE is above 57% over the entire frequency range. The PAE at 53% is a bit lower than the DE 
because of the RF power. 
 

 
Figure 4.22 Frequency sweep plot of PAE and DE 

 
The Table 4.3 summarizes the performance of the design PA for usable frequencies. 
 

Table 4.3  
Performance Evaluation of PA over Frequency Sweep 

 
Frequency (GHz) Output Power (dBm) Drain Efficiency (%) PAE (%) 
2.1 44.189 57.1 54.3 
2.5 44.185 59.7 56.4 
2.8 44.027 60.1 56.6 
 



Chapter 5. DPA Design and Analysis 
 

After designing a single ended PA explained and analyzed in the previous section, the next 
step is to implement it in a DPA configuration. In this chapter a theoretical background to 
DPA which will be followed by implementation and analysis carried out on ADS 2011.   

5.1 Theoretical Background to DPA Design 
 
The DPA topology uses two PAs which receive the same input but 90out of phase.  The 
output signal is obtained using an impedance inverter which is followed by a matching 
network. The input signal is split between the main amplifier and peak amplifier. The Figure 
5.1 illustrates the functionality of DPA. 

 
Figure 5.1 DPA topology 

 
The DPA has three regions of operation. For average signal power, the peak amplifier does 
not operate, and only the main amplifier works. The peak amplifier starts its operation when 
the main amplifier reaches its saturation. If the input power still keeps on increasing, then the 
peak amplifier turns on and starts modulating the main’s amplifier load. When the peak 
amplifier reaches its saturation level then it means that the maximum power has reached. An 
important component of a DPA is the impedance inverter which is connected at the output of 
the main amplifier.  
 
In order to understand functionality of a DPA the Figure 5.2 can be considered in which two 
current sources are shown having the same load impedance.  
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Figure 5.2 Equivalent diagram of DPA Topology 

 
The combiner, an element between the main amplifier and the load resistance performs the 
function of active load-pull. It reduces the impedance seen by main amplifier as the peak 
amplifier current increases. The currents from both sources for maximum power are given by 
[17]: 
 

( )max 1
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II α= +    (5.1) 
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2p
II α=     (5.2) 

 
where maxI  is the maximum drain current of the main amplifier and the peak amplifier,α  
represents the transition point when the peak amplifier starts its operation and its value lies 
between 0 and 1. 
 
The impedance at the junction of main amplifier and peak amplifier is calculated by current 
divider rule: 
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 From (5.3) and (5.4) the maximum power is achieved when j pI I= . At this condition, 

j pZ Z=  equal to optR  thus by the load pulling effect of the DPA. The input and output 
voltages of the quarter wave transformer will be as follows. 
 

j j m mV I V I=      (5.5) 
 
And the impedance of the quarter wave transformer is  
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By using (5.5) into (5.6), the current at the junction can be derived as:  
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Thus for impedance at junction becomes: 
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Another expression which can be used for calculating the impedance of the quarter wave 
transformer is:  
 

TL c jZ Z Z=    (5.9) 
 
In (5.9), cZ is the impedance seen by the main current source which becomes: 
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             (5.10)  

 
From (5.10) at back off condition when 0pI = , then there will be high impedance, equal to
2 optR , seen by the main amplifier if TL optZ R= . The reason for having higher impedance at the 
back off is to increase the RF voltage swing back to its original level which was reduced when 
the power was backed off.  
 
5.1.1 Efficiency at Back off Condition 
 
The back off condition of DPA is when the main amplifier is working and the peak amplifier 
is OFF. A typical DPA has a back off region of 6 dB which is the point when the input 
voltage swing is reduced to a half.  The efficiency can be calculated by using following 
formula [3]:  
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where,  maxdV is the maximum drain voltage,  

 outV is the output voltage and  
β is ratio of critical value of drain current to maxI which is defined by: 
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where criI is the value of drain current at which the main amplifier reaches its saturation level.  
 
5.1.2 Efficiency at Peak Power 
 
The peak power operation means when main amplifier and peak amplifier are working. At 
this stage the main amplifier and peak amplifier both are having the optimum impedance 
which enables them to maintain their efficiency at the maximum power level. The maximum 
power level which leads to maximum efficiency depends on the type of the transistor being 
used. The efficiency at the peak power can be calculated with following formula [3]: 
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For maximum power the output voltage is  
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5.2 Impedance Inverter 
 
The impedance inverter not only combines the output power of both the main amplifier and 
peak amplifier but also inverts the impedance for back off conditions. An impedance inverter 
is basically a quarter wave transformer with some characteristic impedance [2]. 
 
For a DPA, since both the main amplifier and peak amplifiers are matched to 50Ω  load 
impedance, therefore the characteristics impedance of the impedance inverter is calculated by 
using (5.9), which turns out to be: 
 

_ _ (50 50) 50TL l main l peakZ R R= × = × = Ω   (5.17) 
 

As the impedance inverter is a quarter wave length (
4
λ ) long, therefore its electrical length 

will be90° . The electrical length of an impedance inverter can be calculated as: 
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where, 2πβ
λ

=  and 
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= which is the length of the quarter wave transformer. By substituting 

the values we get
2
πθ = .  

 



5.3 Phase Shifter  
 
The purpose of a phase shifter is to compensate the phase shift introduced by the electrical 
length of an impedance inverter. For a single frequency band, the quarter wave transformer at 
the combiner network can be used to provide the appropriate phase shift [2]. The phase shifter 
is placed at the input of peak amplifier, so that it can match the right phase with the 
impedance inverter at the main amplifier.  
 
There are different approaches for designing the phase shifter. For a digital DPA the phase 
shift can be made digitally by changing the quadrature component of the modulated signal. 
For an analog DPA the phase shift can be change by using either a quarter wave transformer 
at the input or using a lumped element equivalent. In order to maintain phase shift at a wider 
bandwidth a coupled TL can also be used [15].  

5.4 Input Drive Signal 
 
For driving a DPA, the input drive signal network should be designed so that it splits the input 
signal into two signals to drive the main amplifier and peak amplifier. In DPA the maximum 
output current, 𝐼𝑚𝑎𝑥, for the main amplifier and peak amplifier should be same [1]. The 
current of the main amplifier increases linearly with the increasing voltage until it reaches to

max / 4I . After this the peak amplifier starts its operation and both amplifiers reach a maximum 
current of max / 2I .  
 
The Figure 5.3 depicts the behavior of output current with respect to input voltage for main 
amplifier and peak amplifier. 

 
Figure 5.3 Output current of DPA versus input voltage 

 
From above figure it can be seen that the peak amplifier starts its operation when main 
amplifier has reached its saturation point. The main amplifier reaches saturation at a current 
level of  𝐼𝑚𝑎𝑥

4�  , because it has high load impedance since peak amplifier is off.  
 
The Figure 5.4 shows the behavior of output voltage of main amplifier and peak amplifier.  
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Figure 5.4 Output voltage versus input voltage of DPA  

 
The Figure 5.4 shows the output voltage of main amplifier increases linearly until it reaches 
its saturation point. After this the output voltage of main amplifier remains constant. At the 
saturation point of main amplifier, the peak amplifier starts delivering the output voltage to 
the load. A point is reached when the output voltage of peak amplifier is same as that of main 
amplifier, and this point will be the peak power point of the DPA.  
 
5.5 Specifications of DPA 
 
Following design specifications are considered for designing the DPA in this project. The 
parameter required for designing a DPA are transistor type, frequency band, output power and 
efficiency requirement, size and substrate material. The design specs for the DPA designed in 
this project are shown in the Table 5.1: 
 

Table 5.1  
Design specification of DPA 

 
Bandwidth 2 GHz-3 GHz 
Peak Output Power 46 dBm 
Back off Output Power 40 dBm 
Efficiency 60% peak efficiency, 55% back off efficiency 
Transistor type CGH60015D, bare die GaN HEMT transistor 
Substrate material for combiner Rogers RO4350, Arlon AD1000, Copper on 

glass substrate 
Technology for phase shifter GaAs  
 
A bare die GaN HEMT transistor is used as the thesis case study. Since, it is a depletion mode 
transistor so a negative gate bias voltage is applied. GaN transistor is small, has high 
efficiency and higher bandwidth as compared to silicon or germanium transistors. The 
maximum drain current for this transistor is 3 A at gate bias voltage of -2.7 V. Following 
three substrates were used for the combiner network: 
 
(1) Rogers RO4350 
(2) Arlon AD1000.  
(3) Copper sheet on glass substrate 
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The specifications of above three substrates are summarized in Table 5.2. 
 

Table 5.2  
Design specification of DPA 

 
Substrate 
Name 

Thickness 
(mm) 

Dielectric 
Constant 

Loss 
Tangent 

RO4350 0,168 3,48 0,004 
AD1000 0,006 7,8 0,0023 

Glass Substrate Effective of 
all layers 

Effective of all 
layers 

Effective of 
all layers 

 
The copper on glass substrate material is available by STMicroelectronics. It is a multilayer 
glass substrate which provides low loss, high resistive-Q inductance and capacitance. Each 
layer has its own dielectric constant and thickness, thus an effective dielectric constant and 
thickness is considered. An illustration of the multilayer glass substrate is shown in Figure 
5.5: 

 
Figure 5.5 Illustration of multilayer glass substrate on ADS 2011 

 
GaAs technology was used to design the wideband phase shifter. The GaAs technology 
provides a high frequency and high Q lumped elements to be integrated on a single chip. 
Another advantage of this technology is that large number of components can be fabricated at 
the same time. It provides low losses and higher circuit isolation. The GaAs design kit used 
for this project is provided by Triquint Semiconductor. 
 
5.6 Analysis of Parasitic Elements on Performance   
 
The parasitic capacitance between transistor terminals has a great effect on operational 
bandwidth of the PA. Since the parasitic capacitance between drain and source is of 0.9 pF, 
therefore a shunt inductance of 4.5 nH is placed parallel to the capacitor in order to resonate 
it. Similarly an inductance of 1 nH is placed in shunt between gate and source to resonate the 
4.1 pF parasitic capacitance. The figure 5.6 shows an equivalent circuit of these resonating 
elements. 
 

 
Figure 5.6 Equivalent circuit of transistor with parasitic elements 

 

Gate Drain 



The problem with the parasitic capacitors is that they can limit the bandwidth by resonating at 
a particular frequency. So, they should be designed in a way that the next resonating band is 
far from the operating frequency. 
 
5.7 DPA Model Simulation Verification 
 
After building a wideband PA, the next step is to put the two PAs in parallel and combine 
them in a Doherty fashion. Following sections explain the combiner circuit, phase shifter 
circuit and matching network circuit for the wide band DPA designed. The DPA 
configuration and input drive signal technique is also explained in this section. 
 
5.7.1 Combiner Network Model 
 
The different specifications of substrates resulted in three different designs of combiner 
network. The Figure 5.7 (a) shows a simple quarter wave transformer of 17 Ω characteristic 
impedance and 90° electrical length which was designed on RO4350 and a meandered form 
of the same quarter wave transformer was designed on AD1000 substrate as shown in the 
Figure 5.7 (b). For the glass substrate a lumped element equivalent of the quarter wave 
transformer was designed. The Figure 5.7 (c) shows the lumped element equivalent.  

 
 

(a)       (b) 

 
(c)  

Figure 5.7 Combiner networks at (a) RO4350 (b) AD1000 and (c) Glass Substrate 
 

The performance characteristics of the three different substrates at center frequency of 2.5 
GHz are summarized in Table 5.3 

Table 5.3  
Comparison of three substrates 

 
Substrate Return loss (dB) Gain (dB) Phase (deg) Size (mm) Efficiency (%) 

 
RO 4350 -55 -0.03 90.116 18.1 x 1.6 98.1 
AD 1000 -10.65 -10.50 -85.434 7.4 x 2.4 98.2 
Glass -14.5 -0.38 -90.795 1.1 x 0.8 84.8 

Main Output Peak Output 

Load 



5.7.2 Phase Shifter 
 
For a phase shifter network a TL equivalent model is considered. A series of LC networks are 
employed to provide the right phase shift. The phase shifter is designed according to different 
substrates because the phase shift is varying between the combiner technologies over the 
frequency range of 2 GHz to 3 GHz but it remains 90 at the center frequency of 2.5 GHz. The 
Figure 5.8 shows different phase shifter topologies. 
 

   
(a)         (b) 

Figure 5.8 Phase shifter circuit for (a) Combiner network on RO4350 and AD1000 (b) 
Combiner network on glass substrate 

 
The voltage phase achieved by implementing the two topologies shown in Figure 5.9. The 
reason for having two different topologies for phase shifter is slight phase shift difference 
because of the different combiner network circuit. It is observed that the phase is 
approximately -90° at 2.5 GHz which is approximately equal to the phase shift given by the 
combiner network. 

  
         (a)                                                                 (b) 

Figure 5.9 Voltage phase of (a) phase shifter for RO4350 and AD1000 (b) phase shifter for 
glass substrate 

 
5.7.3 Input Drive Signal for DPA 
 
In order to meet the drive condition for DPA explained in section 5.5, a special circuit was 
designed. This circuit is shown in Figure 5.10. 
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Figure 5.10 Input drive schematic 

 
The above circuit uses an equation to control the input signal. The equation is written in ADS 
syntax which is given by: 

( )( ) ( )
( )( ) ( )( )( )( )1

1 1
1

_
[2,0] _ 0.5?0.000001: _ 0.5 2

_
v

I abs v abs v
abs v

 
= < −  

 
 (5.3) 

 
According to (5.3) voltage 1v  will be delivered to the peak amplifier after voltage to main 
amplifier reaches 0.5. The output of SDD2P is fed into a pre-amplifier which provides the 
necessary gain of 26.5 dBm for driving DPA.  
 
The output of the SDD2P block is plotted in the Figure 5.11. 
 

Main Pre 
driving Amp 

Peak  Pre 
driving Amp 



 
Figure 5.11 Output of SDD2P block 

 
5.8 DPA Model with combiner on RO4350 Substrate 
 
The Figure 5.12 shows a DPA with combiner network on RO4350. It can be seen that the two 
amplifiers are combined in a DPA configuration as explained in the previous sections. The 
inputs of both main amplifier and peak amplifier are matched to 50 Ω input impedance by 
using a T-network. The outputs are combined by using the combiner network designed on 
RO4350. 
 

 
Figure 5.12 DPA schematic using RO 4350 for combiner 
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5.8.1 Power Sweep at 2.1 GHz 
 
A power sweep was performed at 2.1 GHz with the harmonic balance simulator to see the 
efficiency and output power of the PA. The power sweep at 2.1 GHz results in the following 
curve between efficiency and output power. 
 

 
 

Figure 5.13 Efficiency versus output power at 2.1 GHz using RO4350 substrate for combiner 
network 

 
Form the Figure 5.13 it is observed that at the peak power mode the maximum efficiency 
achieved is 57.9% with 46.5 dBm power. The back off power is 41.7 dBm resulting in a 
PAPR of 4.8 dB. The efficiency achieved at back off is 53.5%.  
 
The intrinsic drain voltage and current waveforms are shown in the Figure 5.14. The current 
and voltage curves show that the maximum intrinsic drain current of the main amplifier is   
2.7 A and the same for the peak amplifier. It is also observed from the Figure 5.14 that the 
voltage at drain is 60 V for the main amplifier and 58 V for the peak amplifier. 
 

      
         (a)                                           (b) 

 
Figure 5.14 Drain current and voltage waveforms for (a) main amplifier and (b) peak    

amplifier, for different input drive levels at 2.1 GHz 
 

The output impedance of DPA is shown in Figure 5.15. It is observed that at peak power the 
combiner network shows the impedance optR  of 17 Ω. At back off power level the combiner 



network shows an impedance of (27.167 10.024)j+ Ω , which shows that the combiner 
network is inductive.  
 

 
Figure 5.15 Impedance of combiner on RO4350 at 2.1 GHz  

 
5.8.2 Power Sweep at 2.5 GHz 
 
The harmonic balance simulation used to run a power sweep at 2.5 GHz. The DE and PAE are 
plotted versus the power delivered to the load.  
 
The Figure 5.16 shows the plotted DE and PAE. It is observed that at peak power of          
46.1 dBm the efficiency obtained is 57.4% where as at the back off power which is 41.1 dBm 
the efficiency obtained is 55.3%. Therefore, at 2.5 GHz the efficiency of DPA is above 55%. 
The PAPR at this frequency is 5 dB. If a 6 dB back off region is considered then at back off 
power of 40 dBm the back off DE turns out to be 50% and the PAE is 44%. 
 

 
 

Figure 5.16 Efficiency versus output power at 2.5 GHz using RO4350 substrate for combiner 
network 

 
 



 
            

        (a)              (b) 
 

Figure 5.17 Drain current and voltage waveforms for (a) main amplifier and (b) peak 
amplifier, for different input drive levels at 2.5 GHz 

 
The intrinsic drain to source voltage and current is shown in the Figure 5.17. It is observed 
that the current and voltage for main amplifier are out of phase which means that the 
minimum power is dissipated. The dip in the current waveform of main amplifier shows 
existence of second harmonic content. The maximum peak to peak voltage delivered by the 
drain is 55.0 V, where as the current is 2.75 A. From the Figure 5.17(b) the peak to peak 
voltage obtained is 54.7 V, whereas the drain current is 2.6 A.  
 
The change in impedance due to power sweep at 2.5 GHz for the combiner network on 
RO4350 is shown in Figure 5.18. It is depicted that when the main amplifier is turned ON the 
impedance at combiner is (31.940 1.574)j+ Ω . For peak power operation the impedance is
(17.867 0.871)j− Ω .  
 

 
Figure 5.18 Impedance of combiner on RO4350 at 2.5 GHz  

 
5.8.3 Power Sweep at 2.8 GHz 
 
The power sweep is made at 2.8 GHz to observe the performance of DPA. The Figure 5.19 
shows the DE and PAE curve of DPA. From the results in Figure 5.19 an efficiency of 58.5% 
is achieved at peak power of 46.2 dBm. An efficiency of 50.5% is achieved at back off power 
of 40.2 dBm. The PAPR turns out to be 5.9 dB. 
 



 
 

Figure 5.19 Efficiency versus output power at 2.8 GHz using RO4350 substrate for combiner 
network 

 
The intrinsic voltage and current waveforms is shown in the Figure 5.20, where the peak to 
peak voltage of both main amplifier and peak amplifier is 60.0 V and the current is 2.8 A. 
 

 
 

         (a)             (b) 
 

Figure 5.20 Drain current and voltage waveforms for (a) main amplifier and (b) peak 
amplifier, for different input drive levels at 2.8 GHz 

 
The impedance change at 2.8 GHz over the power sweep is shown in the Figure 5.21. At     
2.8 GHz it is observed from the Figure 5.21 that the impedance change at the peak power 
level to (18.079 1.510)j+ Ω , whereas the impedance at the back off power level is
(31.277 5.093)j− Ω .  

 
Figure 5.21 Impedance of combiner on RO4350 at 2.8 GHz  



5.9 DPA Design with combiner on AD 1000 
 
DPA design with combiner network on AD1000 is shown in the Figure 5.22. The combiner 
network is meandered so that minimum space is occupied. 
 

 
Figure 5.22 DPA schematic using AD1000 for combiner 

 
5.9.1 Power Sweep at 2.1 GHz 
 
From the Figure 5.23 it can be seen that an efficiency of 56.4% is achieved at peak power 
level of 46.6 dBm. An efficiency of 50.6% is achieved at back off power of 41.8 dBm power. 
At 6 dB back off power the efficiency achieved is 40%. 
 

 
 

Figure 5.23 Efficiency versus output power at 2.1 GHz using AD1000 substrate for combiner 
 



 
            (a)           (b) 

 
 Figure 5.24 Drain current and voltage waveforms for (a) main amplifier and (b) peak        

amplifier, for different input drive levels at 2.1 GHz 
 

The drain current and voltage waveforms at 2.1 GHz are shown in the Figure 5.24. It can be 
noted that the peak to peak voltage is 65.0 V for main amplifier and 72.0 V for peak amplifier. 
The current delivered by main amplifier is 3.0 A, and by peak amplifier is also 3.0 A.  
 

 
Figure 5.25 Impedance of combiner on AD1000 substrate at 2.1 GHz  

 
The change in impedance of combiner on AD1000 substrate over different power levels can 
be seen in Figure 5.25. It is observed that at peak power the combiner network has an 
impedance of (18.558 0.050)j− Ω . At back off power level the combiner network shows an 
impedance of (26.293 14.762)j+ Ωwhich means that the combiner network is more inductive.  
 
5.9.2 Power Sweep at 2.5 GHz 
 
The power sweep at 2.5 GHz for combiner network on AD 1000 substrate. The Figure 5.26 
shows the DE and PAE. An efficiency of 56.4% is achieved at peak power of 45.8 dBm and at 
back off power of 40.1 dBm is 50.7% . The PAPR turns out to be 5.7 dB. For perfect 6 dB 
peak to average power ratio the back off power is 39.8 dBm and the efficiency achieved at 
this power is 48%. 
 



 
 

Figure 5.26 Efficiency versus output power at 2.5 GHz using AD1000 substrate for combiner 
 

The drain current and voltage waveforms are shown in the Figure 5.27. It is observed that at 
main amplifier the drain current waveform has 2.8 A, while the drain voltage is 62.0 V. At the 
peak amplifier in the Figure 5.27(b), the drain voltage is 72.0 V and the drain current at peak 
amplifier is 2.5 A. 
 

 
            (a)          (b) 

 
Figure 5.27 Drain current and voltage waveforms for  

(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.5 GHz 
 

The impedance change from low power level to high power level is shown in the Figure 5.28. 
It is seen that the impedance is inductive over the entire power sweep. This can be explained 
from the meander shape of the combiner network. Due to mutual coupling between the lines, 
the combiner network becomes more inductive.  
 



 
Figure 5.28 Impedance of combiner on AD1000 substrate at 2.5 GHz  

 
5.9.3 Power Sweep at 2.8 GHz 
  
The performance plot at 2.8 GHz is shown in the Figure 5.29. It is seen that an efficiency of 
45.1% is achieved at back off power of 38.6 dBm. The peak power achieved is 45.1 dBm 
which resulted in an efficiency of 55.8%. The resultant PAPR is 6.5 dB. If a 6.0 dB back off 
region is consider than the efficiency obtained is 45.4%. 
 

 
 
Figure 5.29 Efficiency versus output power at 2.8 GHz using AD1000 substrate for combiner 
 
To see the shape of intrinsic current and voltage waveforms at the drain is shown in the Figure 
5.30. The voltage waveform of main amplifier in the Figure 5.30(a) results in a peak to peak 
drain voltage at 60.0 V and the peak to peak drain current is 2.6 A. The peak amplifier current 
and voltage waveforms in the Figure 5.30(b) show that the peak to peak voltage is 70.0 V and 
the peak to peak current is 2.0 A. 
 



 
             

(a)         (b) 
 

Figure 5.30 Drain current and voltage waveforms for  
(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.8 GHz 

 
From the Figure 5.31 it is observed that the impedance at peak power level is 
(20.017 1.818)j+ Ω and for back off regime it is (38.194 0.699)j− Ω . At 2.8 GHz it is 
observed that the impedance becomes higher since the change in electrical length of the 
quarter wave transformer on the smith chart makes it to rotate the impedance.  
 

 
Figure 5.31 Impedance of combiner on AD1000 substrate at 2.8 GHz  

 
5.10 DPA Design with combiner on Glass Substrate 
 
The combiner network is a multilayer Glass substrate. The schematic of DPA with glass 
substrate is shown in the Figure 5.32: 



 
 

Figure 5.32 DPA schematic using Glass Substrate for combiner 
 
From the Figure 5.32, the combiner consists of lumped elements which are the combination of 
LC networks.  
 
The Figure 5.33 shows the layout of the combiner network on CAD. 
 

 
 

Figure 5.33 Layout of combiner network using Glass substrate on CAD 
 



The layout shown in the Figure 5.33 had dimensions 1.1 mm x 0.8 mm. The DE and PAE are 
observed both at the peak power and at the back off power over the different frequencies. 
 
5.10.1 Power Sweep at 2.1 GHz 
 
For the glass substrate the power sweep is run over 2.1 GHz to see the performance of DPA. 
The DE and PAE plot versus the output power is shown in the Figure 5.34. It is observed that 
an efficiency of 58.6% is achieved at 46.1 dBm of peak power. The efficiency achieved at a 
back off power level of 40.6 dBm is 55.5%. 

 
Figure 5.34 Efficiency versus output power at 2.1GHz using Glass substrate for combiner 

 
The intrinsic current and voltage waveforms at drain are shown in the Figure 5.35. In the 
Figure 5.35(a) the drain current is 2.8 A at the main amplifier for peak power operation and 
drain is voltage 62.0 V at main amplifier for peak power. The intrinsic voltage and current at 
the peak amplifier is shown in the Figure 5.35 (b). The maximum voltage delivered by the 
peak transistor at peak power operation is 68.0 V. The maximum current delivered by the 
peak amplifier is 3.0 A. 

 
Figure 5.35 Drain current and voltage waveforms for 

(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.1 GHz 
 

The change in impedance over power sweep at 2.1 GHz is shown in the Figure 5.36. It is 
observed that the impedance at peak power performance is (24.642 0.309)j+ Ω , which is high 
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as compared to optR of transistor. For back off power level the impedance is 
(42.2421 17.277)j+ Ωwhich is again high with respect to 2 optR . The reason for having high 
impedance is to achieve better performance using the glass substrate. 
 

 
Figure 5.36 Impedance of combiner on Glass substrate at 2.1 GHz  

 
5.10.2 Power Sweep at 2.5 GHz 
 
The harmonic balance simulation is applied to check the performance of the DPA. Following 
is the plot of the efficiency of the DPA versus its output power at 2.5 GHz. 
 

 
Figure 5.37 Efficiency versus output power at 2.5GHz using Glass substrate for combiner 

 
From the Figure 5.37 it is observed that at peak power of 46.2 dBm the efficiency achieved is 
60.5%. For a back off power of 40.5 dBm the efficiency achieved at 56.8%. This resulted in a 
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PAPR of 5.7 dBm. For a perfect 6 dB PAPR the efficiency obtained at back off power level is 
52%.  
 
The drain current and voltage waveforms at 2.5 GHz are shown in the Figure 5.38. From the 
Figure 5.38(a) of main amplifier, the drain voltage is 60.0 V and drain current is 2.4 A at peak 
power. In the Figure 5.38(b) the drain current at peak amplifier is 3.0 A, whereas the drain 
voltage waveform is at 70.0 V with second harmonic content.   

 
Figure 5.38 Drain current and voltage waveforms for 

(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.5 GHz 
 
The change in impedance over different power levels is shown in the Figure 5.39. It is seen 
that at higher input power level the impedance is (24.871 2.952)j+ Ω , at this power level both 
main and peak amplifier are operating. The impedance obtained at lower power level is 
(53.368 3.471)j− Ω . For 2.5 GHz the impedance follows the real line which show’s that the 
combiner is equivalent to a 90quarter wave transformer.   

 
Figure 5.39 Impedance of combiner on Glass substrate at 2.5 GHz  
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5.10.3 Power Sweep at 2.8 GHz 
 
At 2.8 GHz the power sweep is run using harmonic balance simulator. The performance in 
terms of DE and PAE over different output power levels is shown in the Figure 5.40. It is 
observed that the peak power delivered by the DPA is 45.9 dBm. The efficiency achieved at 
the peak power is 56.4%. At back off power level 39.4 dBm the efficiency obtained is 50.7%. 
The PAPR achieved is 6.5 dB. 

 
Figure 5.40 Efficiency versus output power at 2.8 GHz using Glass substrate for combiner 

 
The intrinsic voltage and current waveform over the power sweep is shown in the Figure 5.41.  
In the Figure 5.41(a) the drain voltage delivered by the main amplifier is 70.0 V and the drain 
current is 2.8 A. For peak amplifier the current and voltage waveforms in the Figure 5.41(b) 
shows that the maximum drain voltage is 60.0 V and the maximum drain current is 2.5 A. 

 
Figure 5.41 Drain current and voltage waveforms for 

(a) main amplifier and (b) peak amplifier, for different input drive levels at 2.8 GHz 
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Figure 5.42 Impedance of combiner on Glass substrate at 2.8 GHz  

 
The impedance change at 2.8 GHz for the combiner on glass substrate is shown in the Figure 
5.42. It is observed that the impedance of combiner on glass substrate increases for both high 
and low power regimes. The impedance for higher power level is (30.289 6.159)j+ Ω . For 
lower power level the impedance becomes (45.683 20.636)j− Ω .  
 
5.11 Comparison on Performance of Three Different Substrates 
 
The performance of model of DPA on different substrates is summarized in Table 5.4 and 
Table 5.5.  
 

Table 5.4  
Comparison of peak power performance between the substrates 

 
Substrate Output Peak Power 

(dBm) 
Drain Efficiency 
(%) 

Power Added 
Efficiency (%) 

Roger RO4350 46.0 58.0 55.8 
Arlon AD1000 45.8 56.2 52.9 
STMicroelectronics 
Glass Substrate 

46.0 58.5 56.0 

 
Table 5.5  

Comparison of average power performance between the substrates 
 

Substrate Output Back off 
Power (dBm) 

Drain Efficiency 
(%) 

Power Added 
Efficiency (%) 

Roger RO4350 40.0 50.0 48.0 
Arlon AD1000 40.0 48.8 46.7 
STMicroelectronics 
Glass Substrate 

40.2 54.3 53.8 

 
From the comparison it can be concluded that the glass substrate performs better in terms of 
DE and PAE, both at the peak power and back off power level. 
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Chapter 6. Conclusion and Future Work 

6.1 Conclusion 
 
In this thesis the wide band DPA is designed over the frequency range of 2.0 GHz to 3.0 GHz. 
The DPA was made highly integrated by maintaining efficiency and output power. A GaN 
HEMT transistor was used for the DPA. Three different substrates were used for the combiner 
network. A phase shifter circuit was also designed to compensate for the phase shift of the 
combiner network in order to achieve a wide band operation. A wide band input matching 
network was also designed using lumped elements to obtain the same input impedance over 
all the frequencies.  
 
For the DPA designed and analyzed in this thesis a Class AB PA was considered for main 
amplifier and a lower Class B was considered for peak amplifier. It has been observed that the 
lumped element matching network was more wideband as compare to the TL matching 
network.  The output power achieved was 44.0 dBm and the DE achieved was 58.0% over the 
desired frequency range. 
 
The input driving signal to the DPA designed was fed through a splitter. The designed was 
made in such a way that the peak amplifier starts its operation when main amplifier had 
reached its saturation point. The phase shifter was designed using a GaAs design kit. It was 
observed that the required phase shift was between 72−  and 108−  .  
 
The biggest challenge faced was to design a combiner network by using three different 
substrates provide by three different manufacturers. The other challenge in designing a 
combiner was to fit it in a 3 mm x 8 mm substrate size. While designing the combiner 
network the required impedance transformation was from 34.0 Ω at back off to 17.0 Ω at peak 
power level. For  RO4350 an average 58.0% DE for 46.0 dBm peak power, and 55.8% DE for 
40.0 dBm back off power over the frequency range of 2.0 GHz to 3.0 GHz is obtained.  For 
AD1000 the maximum average DE obtained is 56.2% with the maximum output power of 
45.8 dBm over the desired frequency range. At the back off power of 40.0 dBm, the average 
DE obtained was 48.8%. For the glass substrate average DE achieved at peak power of      
46.0 dBm was 58.5%. At back off power of 40.0 dBm, the average DE obtained was 54.3% 
over the desired frequency range. After evaluating the performance of three different 
substrates, it can be concluded that the glass substrate provides better efficiency on peak 
power and at back off power while enabling wideband operation.  
 
The DPA designed in this project was simple for implementation as it contained less number 
of components. The performance achieved in the wideband DPA configuration was high in 
terms of efficiency at back off and peak power operation for the desired bandwidth. The 
designed DPA can be used in multi-standard radio base stations since it supports the 
frequency 2.1 GHz which is used in LTE and WCDMA system, 2.5 GHz for WiFi. This 
solves the problem of designing separate PA for different communication systems.  

6.2 Future Work 
 
Further work can be done on the performance of DPA, so that it can be enhanced to make it 
more efficient and have a higher PAPR. It is essential to have a higher efficiency at back-off 
power level as compared to peak power, as the PA spends most of its time in this regime. The 



following areas can be explored in future for improving the performance of designed 
wideband DPA: 
 

• Linearity is a major problem in DPA as compared to single ended PA. A research can 
be made into achieving linearity over a wide bandwidth, while maintaining 
efficiency. 

• Envelope tracking technique can be applied to improve efficiency. 
• Since the designed DPA consisted of an analog phase shifter, one can replace it with 

a digital phase shifter. 
• A single tone input signal was used in this project, however for more practical 

considerations a multi-tone input signal can be used to see the effect of different 
inter-modulation products.  

• Instead of using one peak amplifier, multiple peak amplifiers can be used to improve 
the performance at back off [4]. 

• For better efficiency the inverted DPA technique can also be considered [5]. 
• Different phase shifter configurations such as use of varactor can be implemented to 

see its effect on the performance of DPA. 
• The designed DPA is limited to simulation results, so a hardware implementation can 

be made for practical considerations. 
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