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Abstract 
 
Linearity and efficiency are the two most important characteristics of RF power amplifier. 

Both these characteristics are complementary to each other. One characteristic must be 
achieved in order to achieve other one. 
 
For future Worldwide Interoperability for Microwave Access (WiMAX) application which 

is intended to work on 3.5GHz frequency, linear power output is needed. To achieve high 
efficiency with the given output power requirement, Class AB is the only solution seen. 
 
In class AB amplifier, all harmonics are shorted to achieve desired performance. In practice, 

to achieve shorts at all harmonic frequencies is almost impossible. The most obvious solution 
for this problem is to tune the harmonics to achieve the desired results. 
 
Class J is one such topology of power amplifier. Here, second harmonic impedance is tuned 

so that fundamental and second harmonic assist each other to provide desired power output 
with increased efficiency. 
 
Silicon is cheapest semiconductor material available. Now-a-days, compound 

semiconductors such as Gallium Nitride (GaN), Gallium Arsenide (GaAs), Silicon Carbide 
(SiC) are occupying the market of devices for applications in frequency range above 2GHz. 
 
Si-LDMOS technology is promising technology emerged for design of power amplifiers 

below 1 GHz. Some recent research shows the usefulness of LDMOS technology at 2 GHz. 
 
This work focuses on designing a high efficiency power amplifier for 3.5GHz applications 

using Si-LDMOS technology. For this, NXP semiconductors’ BLF6G38S-25, a 25 W 
LDMOS power MOSFET is used. Two topologies are designed, Class AB and Class J. 
 
With Class AB amplifier, drain efficiency of 64% and power added efficiency (PAE) of 

62.15% is achieved. The output power at this efficiency is 44.8dBm. Power back-off 
performance is good with PAE of 39.46%. Linearity of this power amplifier is in acceptable 
limit. 
 
Class J amplifier gives superior performance at same biased level and input power level. 

Maximum drain efficiency is 69.36% and PAE is 67.36% with output power of 44.7dBm is 
achieved for input power level of 23dBm. Power back-off performance is also better than 
corresponding class AB power amplifier with 49.6% PAE at 3dB back-off. 
 
Advanced Design System (ADS) v2008 Update 2 is used as platform for simulations. 
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Chapter 1 
Introduction 
 
1.1 Background 
 
During last decade the phenomenal growth of personal wireless communications has made 

remarkable impacts to modern life. Nowadays billions of people use mobile cellular phones 
to communicate everyday with the coverage penetrating to massive areas around the whole 
world. Wireless data networking infrastructures are widely being deployed into public zones 
to offer wireless computing and internet services through laptops. Accordingly the revolution 
of communications has also been pushing the evolution of wireless systems and innovation of 
the internal radio frequency (RF) circuits, including the RF power amplifier (PA). 
 
RF power amplifier is a circuit for converting DC supply power into a significant amount of 

RF output power. As a critical module in the transmit chain, it is typically the final stage of a 
wireless transmitter to drive the antenna. The modulated RF signal is amplified by the PA to 
a nominal power level and then sent through antenna to radiate for propagation. 
 
RF power amplifiers are usually the most power-hungry building blocks in the transceivers 

(i.e. transmitter plus receiver) of wireless mobile terminals. For instance cellular handsets PA 
can consume more than 70% of the DC battery power during transmit period. There is 
increasing demand for highly efficient RF power amplifiers to meet the ever-growing need 
for power saving, compact and low cost solutions. 
 
Indeed the higher the DC to RF conversion efficiency, the less amount of electrical charge is 

drawn from the battery for PA to transmit the same amount of RF power. That helps to 
considerably prolong the battery operation time to satisfy end users. High-efficiency RF PA 
also reduces the portion of battery power transformed into heat. The result is less stress for 
the active transistors inside PA and more importantly decreasing heat sink metal and its 
associated cost. 
 
The ways of pursuing RF power amplifiers with high efficiency, are related to the 

modulation schemes of communication systems. Mainly there are two existing categories of 
modulation schemes for personal wireless applications: constant-envelope modulation and 
non-constant envelope modulation. The constant-envelope modulation schemes have been 
widely accepted by systems such as Globe System for Mobile Communications (GSM), 
Bluetooth and RFID. Linearity requirements of a PA are less stringent due to the usage of 
constant-envelope signals, e.g. GMSK (in GSM). In such a case, a non-linear PA with high 
efficiency can be considered: it maintains the modulated information while efficiently 
utilizing the limited battery power resource. In contrast to a linear PA (e.g. class A PA), 
where output signal amplitude presumably to be linearly controlled by the input signal 
amplitude, a non-linear PA’s output signal is controlled by the phase and frequency 
information of its modulated input signal. 
 
On the other hand, the non-constant envelope modulation applies to growing wireless 

systems such as wideband Code Division Multiple Access (WCDMA) and Worldwide 
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Interoperability for Microwave Access (WiMAX). The used shaped-pulse modulations (e.g. 
QAM, QPSK) or multiple carriers (OFDM) allow high data rate but occupy wider spectrum 
bandwidth and need highly linear components, particularly power amplifiers to transmit RF 
signals with time-varying envelope and phase. In such case a linear PA (typically controlled 
current sources) is required to lower the inter-modulation and adjacent channel interference 
of amplified signals. Oftentimes it operates at back-off for adequate linearity. Staying away 
from its peak input/output power in most of the time, however, wastes the supplied DC bias 
power designed for the maximum output capability and causes low PA efficiency. 
 
 
1.2 Motivation 
 
Silicon LDMOS is the basic technology being used up to 1 GHz frequency for design of RF 

power amplifier. But upper band is captured by other solid state semiconductor technologies. 
At frequencies more than 2 GHz, compound materials are used to develop active devices. 
Various work shows successful working of GaN pHEMTs and GaAs HBT with efficiency 
more than 70% for output power of 2 to 10 W. 
 
Since these technologies are very much costlier, use of these devices increases the cost of 

instruments where they are used. In order to provide cost effective solution of power 
amplifier for users, Silicon technology can be used. Silicon has developed base and many 
foundries are working on improving the properties. 
 
WiMAX is developing technology. Three bands are released for WiMAX as 2.3GHz, 

2.5GHz and 3.5GHz. In the USA, the biggest segment available is around 2.5 GHz, and is 
already assigned, primarily to Sprint Nextel and Clearwire. Elsewhere in the world, the most-
likely bands used will be the Forum approved ones, with 2.3 GHz probably being most 
important in Asia. Some countries in Asia like India and Indonesia will use a mix of 2.5 GHz, 
and 3.5 GHz. Pakistan's Wateen Telecom uses 3.5 GHz. 
 
Class AB amplifier provides good compromise between linearity and efficiency. But to 

achieve this, it is necessary to present short for all harmonics at drain terminal. This is 
difficult to achieve in practical design. The solution for this is to use harmonic tuned 
amplifier. Here, the harmonic impedance are tuned in such way to increase the efficiency 
while maintaining the linearity. 
 
All these facts leads to the objective of this project work. 

 
1.3 Objective 
 
The main objective of this project work is to design a highly efficient radio frequency power 

amplifier to be used in future WiMAX application. Two amplifiers are intended to design. 
One is Class AB amplifier and another is Class J amplifier 
 
Si-LDMOS technology is used for active device. Another objective is to evaluate the 

possibility of using this technology at higher frequency band. 
 
Table 1.1 shows the design goal established for this work 
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 Class AB Class J 
   

Output power 44dBm 44dBm 
Power Added Efficiency More than 60% More than 65% 

Drain efficiency More than 60% More than 65% 
Efficiency at 3dB power 

back off 
More than 45% More than 50% 

 
Table 1.1: Design Goal 

 
1.4 Outline of Thesis 
 

• Chapter 2 presents the working principle of different classes of power amplifier 
 

• Chapter 3 gives brief overview of performance parameters on which power amplifier 
are characterized 
 

• Chapter 4 gives detailed study of Class J amplifier 
 

• Chapter 5 describes physical structure of Silicon Lateral Diffused MOSFET in detail 
with some description on RF properties of Si-LDMOS 
 

• Chapter 6 presents description of simulation components present in Advanced Design 
System EM design software 
 

• Chapter 7 contains the design of class AB and class J amplifier and simulation results 
 

• Chapter 8 summarizes whole thesis with some points on future work. 
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Chapter 2  
Principle of class A/AB/B/C/D/E/F  
 
In this chapter, the principles of some basic operation classes of power amplifiers.  
 
Operation classes for power amplifiers:   
 
For different ways of device operation, people classify the power amplifiers to different classes. 

Class A/AB/B/C can be classified to one category. When the power amplifier operates at class 
A/B/C/AB, the transistor operates like a current source. Class D/E/F/J can be classified to 
another category. In these classes the transistor operates like a switch.  
  
2.1 Reduced conduction angle power amplifier  
 
Let’s first talk about the class A/B/C/AB power amplifier. The difference of these classes is the 

conduction angle (figure 2.1).  
 

 
Figure 2.1: Reduced conduction angle when operating as a power amplifier’ α’ represents the 

conduction angle of power amplifier [1] 
  

Class Gate bias 
point 

Current Conduction 
angle 

A 0.5 0.5 2pi 
AB 0-0.5 0-0.5 Pi-2pi 
B 0 0 pi 
C <0 0 0-pi 

 
Table 2.1 Bias point and conduction angle of different classes (the signal voltage and current swing are 

normalized to 1) [1] 
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2.1.1 Class A:  
 
From these classes, class-A has the highest linearity and the transistor is equivalent to a current 

source. The drain current and voltage waveforms of class-A operation are given in figure 2.2:  

 
Figure 2.2:  Drain voltage and Drain current in class-A operation [1] 

  
In order to enable the power amplifier operate in its linear region, the amplifier’s gate and drain 

bias voltage should be chosen properly. The swing of the drain current for class-A operation 
should be between zero and Imax (with Imax being the saturation current of the transistor.). The 
swing of the drain voltage should be between zero and breakdown voltage of the device. The 
conduction angle is 2π for class-A operation means the device is on all the times. It also means 
that the device loses power all the times.  
  
Let’s calculate the maximum efficiency and output power of class-A operation:  
  
The drain current for an amplifier with reduced conduction angle:  
 ( ) = 	 + cos 	 , − 	/	2 < < /2; 

        =   0, - < < − 	/2;	− /2 < <             [1]                (2.1) 

where id(θ) is the drain current, Iq is the quiescent current, Ipk is the amplitude of drain current, 
Imax is the peak value of drain current, α  is the conduction angle. 
 
          cos( /2) = −    and  = 	 −                                  (2.2) 

So,                  
          ( ) = 	( / ) 	(cos − cos( /2))                                   (2.3) 
 
The DC component is as follows:  
   

                                        = 	 	( / ) 	(cos − cos( /2))//  
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                                                = 	 	 ( / ) ( / )( / )                                                  (2.4)  

The magnitude of nth harmonic is:  
 
                                         = 	( / )// (cos − cos( /2)) cos              (2.5)  
 
The fundamental harmonic component of drain current is:  
 
             = 	 	 ( / )                              (2.6)  
 
For class-A operation, the conduction angle is 2π. So, the dc component of drain current is:  
 
             ( 	 ) = 	                               (2.7)  
 
The fundamental harmonic component of drain current:  
 
                           ( 	 ) =                        (2.8)  
 
The DC and fundamental harmonic component of drain voltage:  
 
                  ( 	 ) =                         (2.9)  
 
                                       ( 	 ) =                  (2.10)  
 
The DC dissipation power of class-A operation power amplitude:  
 
                  = =                             (2.11)  
 
The output power for class-A operation:  
 
                            = =                     (2.12)  
 
The maximum drain efficiency of class-A operation:  
 
                              = = = 50%        [1]            (2.13)  
 
So, for class-A operation, the maximum drain efficiency 50%.  
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2.1.2 Class B:   
The class-B amplifier has half-sine drain current waveform and the drain voltage waveform is 

full-sine wave. Obviously, the overlap of the drain current and voltage is less, which means the 
dc power dissipation is less and therefore its efficiency is higher. However, the linearity of class-
B operation is not as good as class-A operation.  
The voltage and current waveform of class-B amplifier is in figure 2.3:  
  

 
Figure 2.3: Drain voltage and Drain current of class-B operation [1] 

  
The efficiency of class-B operation:  
From equations (2.4) to (2.6), we can obtain the dc and fundamental harmonic components of 

drain current. The conduction angle of class-B operation is π.  
 

     ( 	 ) =             [1]           (2.14)   
              
    ( 	 ) =                                     (2.15)  

 
The dc and fundamental harmonic components of drain voltage:  
 
         ( 	 ) =                                (2.16)  

 
     ( 	 ) =                               (2.17)  

 
The dc and output power:  
 
                      =                              (2.18)  
 
                  = 	                              (2.19)  
 
The maximum drain efficiency for class-B operation:  
                      = = ≈ 78.5%           [1]              (2.20)  
 
The theoretical maximum class-B operation is 78.5%.  
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2.1.3 Class AB:  
Class-AB is a compromise between class A and B. The conduction angle for class-AB operation 

is between π and 2π. The larger the conduction angle is typically the better the linearity is, but 
the lower the efficiency is, and vice versa. So, the theoretical maximum drain efficiency is 
between 50% and 78.5%.  
  
2.1.4 Class C:   
In class-C operation the conduction angle is between 0 and π. By using equation (2.4) to (2.6), 

we can calculate the drain efficiency of class-C operation. It isn’t a constant and depends on the 
conduction angle. If the conduction angle is 0, theoretically we can obtain 100% drain efficiency. 
However, this also means that there is no power deliver to the load. So, 0o conduction angle is 
meaningless. In this class of operation we need to make a trade-off between efficiency and 
output power. The lower the conduction angle is, the higher the efficiency is and less output 
power is.  
The waveforms of class-C operation:  
  

 
Figure 2.4: Drain voltage and Drain current of class-C operation [1] 

  
  
The drain efficiency and output power versus conduction angle (figure 2.5):  
  

 
Figure 2.5: The drain efficiency and output power versus conduction angle [1] 
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2.2 Switching mode power amplifier  
 
Class-D, class-E and class-F power amplifiers are switching mode power amplifier. The 

transistor acts like a switch. The theoretical maximum drain efficiency for these classes can be as 
high as 100%. However, due to the non-ideal conditions of device (limited switching time, 
parasitic and etc), 100% drain efficiency is difficult to reach [2]. Comparing with class-C 
operation, class-E and class-F power operation don't need to make a compromise between 
efficiency and output power.  

 
2.2.1 Class D 
 
The class-D power amplifier (or voltage mode class-D VMCD) is the only class which requires 

two transistors working out of phase 180o. The circuit topology is shown in figure 2.6; the load 
network has a series resonant circuit to pass the current at the fundamental frequency to the load 
and to block all other current components. Hence the voltage and current waveforms are a square 
(odd component) and sinusoidal (even component) waveforms, respectively, see figure 2.7. 

     
Figure 2.6: Class-D circuit topology. 

 

 
Figure 2.7: Class-D voltage and current waveforms. 
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There is another class which is complementary to class-D called D-1 (or current mode class-D 
CMCD). Its circuit topology could be as the circuit shown in figure 2.8. The class-D-1 load 
network has a parallel resonant circuit with the load to pass the fundamental frequency and to 
short the odd harmonics. This topology allows the current to have square waveform and the 
voltage sinusoidal waveform as shown in figure 2.9. This class has an advantage over class-D, in 
that it can tune out the transistor output capacitance, which comes from grounding the source in 
both transistors, and include it as a part of the resonant circuit. Therefore, we can still achieve 
high efficiency, but not 100% due to the knee region. Also, class-D PA may exceed the 
breakdown voltage for T1 in figure 2.6, because its source terminal is not grounded 

 
Figure 2.8: Class-D-1 circuit topology. 

 

 
Figure 2.9: Class-D-1 voltage and current waveforms. 

 
Another reason of degrading the efficiency from the theoretical value is the transistor output 

capacitance which is significant at high frequency, is large due to the size required for the high 
output power application. The susceptance of the output capacitance is very high for the high 
frequency and cannot be ignored (i.e.; Y=jB=jωCds). Also another reason of not achieving the 
theoretical efficiency is that the transistors do not work as ideal switches, which can be toggled 
between ON state and OFF state instantaneously. Within the finite turn-on and turn-off time, the 
voltage and the current overlap, and cause the transistor losses (switching loss). This drawback is 
addressed in the time domain design and analysis in Class-E amplifiers. 
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2.2.2 Class F:   
For an ideal class-F power amplifier, the voltage waveform should be an ideal square 

waveform. When the transistor on, the drain voltage is zero. In other words, the drain voltage is 
shaped to minimize the overlap of drain voltage and current. However, normally the ideal square 
waveform condition is hard to meet and drain voltage waveform is a sub-optimum square 
waveform. The waveforms of sub-optimum class-F power amplifier are:  

 
Figure 2.10: Drain current and voltage of sub-optimum class-F power amplifier 

  
The square waveform only contains odd-order harmonics. There are three factors which influent 

the shape of waveform.   
1. The phase relations between fundamental and higher order harmonics. For ideal square 

waveform, the peak of fundamental and the valleys of higher order harmonics should be 
synchronized.  
2. The amplitude relations of fundamental and higher order harmonics.  
  

 
Figure 2.11: Third order harmonic shaped waveform (different amplitude of third harmonic) [1] 
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The fundamental harmonic is:  
                                        = cos                                          [1]          (2.21)  
The third harmonic is:  
                  − cos(3 )                         (2.22)  
The superimposition of these two harmonics:  
                                     = cos − cos(3 )                                   (2.23)  
 
The amplitude ratio of fundamental and third harmonic is very important too. As shown in 

figure 2.11, when the ratio is 1/6, the superimposition waveform is very flat. When the ratio is 
less than 1/9, the superimposition is still looks like a sinusoid.   
 
3. The number of harmonics:  

 
Figure 2.12: Square waveform with different number of odd-order harmonics. m represents the number 

of odd-order harmonics [1] 
We can see from figure 2.8 that when the number of odd-order harmonics increases, the 

waveform becomes more and more like an ideal square waveform.  
So, with finite number of harmonics or other non-ideal conditions, the efficiency of class-F 

power amplifier drops from theoretical value of 100%  
  
2.2.3 Class E:  
Class-E power amplifier is also a kind of switching mode amplifier. For an ideal class-E 

operation, three requirements for drain voltage and current should be meet [2]:  
 1.  The rise of the voltage cross the transistor at turn-off should be delayed until after the 

transistor is off. 
 2. The drain voltage should be brought back to zero at the time of transistor turn-on.  
 3. The slope of the drain voltage should be zero at the time of turn-on.  
 
 These conditions can only be met by controlling an infinite number of harmonics. When the 

number of harmonics is limit, the efficiency drops from theoretical value of 100% and we call 
that kind of operation sub-optimum class-E. The drain voltage waveform varies with different 
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number of harmonics are shown in figure 2.13.  

 
Figure 2.13:  Drain voltage waveform varies with different number of harmonics. n represents the 

number of harmonics [3] 
 
When the harmonic number is 2, the drain voltage only contains fundamental and second 

harmonic components. We call it class-J operation. The detail discussion on class-J operation is 
in later chapter. So, class-J is also a kind of sub-class E operation. When the number of harmonic 
increases to infinite, there is no overlap of drain voltage and current (figure 2.13) and 100% 
efficiency can be achieved. However, in practical situations, it’s a very hard task due to the 
existence of on resistor or other parasitics of the transistors. Basically, the class-E power 
amplifier we call is in sub-class E operation.  
  

The equations to calculate the optimum fundamental load for class-E operation:  
 = . ×	                  (2.24)  
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The table of optimum harmonics load for ideal class-E operation [3]:  

 
Figure 2.14 Table of optimum load for class-E operation harmonics 
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Chapter 3 

RF Power Amplifier Design Parameters 
Overview  
The RF power amplifier (PA), a critical element in transmitter units of communication systems, 

is expected to provide a suitable output power at a very good gain with high efficiency and 
linearity. The output power from a PA must be sufficient for reliable transmission. High gain 
reduces the number of amplifier stages required to deliver the desired output power and hence 
reduces the size and manufacturing cost. High efficiency improves thermal management, battery 
lifetime and operational costs. Good linearity is necessary for bandwidth efficient modulation. 
However these are contrasting requirements and a typical power amplifier design would require 
a certain level of compromise. There are several types of power amplifiers which differ from 
each other in terms of linearity, output power or efficiency. Parameters which quantify the 
various aspects of amplifier performance such as 1-dB compression point, input intercept point, 
intermodulation distortion, power output capability, power added efficiency and adjacent 
channel power ratio are discussed in this chapter.  

3.1 Power Output Capability (C
p
)  

The power output capability, C
p
, is defined as the RF output power produced when the device 

has a peak drain voltage of 1 volt and a peak drain current of 1 ampere [3]. This is a unit less 
quantity. If the power amplifier uses two or more transistors, then the number of transistors is 
included in the denominator.   

If P
0
 is the RF output power, I

d, pk
 is the peak drain current, V

d, pk
 is the peak drain voltage and 

N is the number of transistors, then  

                                       	= 	 , ,                                                                             (3.1)  

Usually the power output capability of a Class A amplifier is the highest since it is operated at 
the centre of the load line allowing room for maximum voltage and current swings. Based on 
this, another parameter called the power utilization factor (PUF) is defined as the ratio of RF 
power delivered by a device in a particular mode to the power delivered by operating the device 
as a Class A amplifier.   

3.2 Power Added Efficiency (PAE)  

Efficiency or drain efficiency is simply defined as the ratio of output power at the drain to the 
input power supplied to the drain by the dc supply.  

                                      	= 	                                                                                         (3.2)  
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Drain efficiency is usually not enough to characterize RF power amplifier performance. This is 
due to the substantial RF power at the input of the amplifier, especially in amplifiers with low 
gain. Power added efficiency (PAE) includes the effect of input drive power and is defined as:  

      	 = 		                                                   (3.3)  

 

3.3 1-dB compression point (P
1-dB

)  

When a power amplifier is operated in its linear region, the gain is a constant for a given 
frequency. However when the input signal power is increased, there is a certain point beyond 
which the gain is seen to decrease. The input 1-dB compression point is defined as the power 
level for which the input signal is amplified 1 dB less than the linear gain. The 1-dB 
compression point can be input or output referred and is measured in terms of dBm. A rapid 
decrease in gain will be experienced after the 1-dB compression point is reached. This gain 
compression is due to the non-linear behaviour of the device and hence the 1-dB compression 
point is a measure of the linear range of operation.  

        

 

Figure 3.1: 1-dB compression point 

 

3.4 Intermodulation Distortion (IMD)  

Intermodulation distortion is a nonlinear distortion characterized by the appearance, in the 
output of a device, of frequencies that are linear combinations of the fundamental frequencies 
and all harmonics present in the input signals [1]. A very common procedure to measure the 
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intermodulation distortion is by means of a two-tone test. In a two-tone test a nonlinear circuit is 
excited with two closely spaced input sinusoids. This would result in an output spectrum 
consisting of various intermodulation products in addition to the amplified version of the two 
fundamental tones and their harmonics. If f

1
 and f

2
 are the fundamental frequencies then the 

intermodulation products are seen at frequencies given by  

                                       = 	±                (3.4) 

where m and n are integers from 1 to ∞.  

The ratio of power in the intermodulation product to the power in one of the fundamental tones 
is used to quantify intermodulation. Of all the possible intermodulation products usually the third 
order intermodulation products (at frequencies 2f

1
-f

2
 and 2f

2
-f

1
) are typically the most critical as 

they have the highest strength. Furthermore they often fall in the receiver pass band making it 
difficult to filter them out.   

 

Figure 3.2: Intermodulation Distortion 

 

3.5 Adjacent Channel Power Ratio (ACPR)  

In many modern communication systems, the RF signal typically has a modulation band that 
fills a prescribed bandwidth on either side of the carrier frequency. Similarly the intermodulation 
products also have a bandwidth associated with them. The IM bandwidth is three times the 
original modulation band limits for third order products, five times the band limits for fifth order 
products and so on. Thus the frequency band of the intermodulation products from the two tones 
stretches out, leading to leakage of power in the adjacent channel. This leakage power is referred 
to as adjacent channel power. The adjacent channel power ratio (ACPR) is the ratio of power in 
the adjacent channel to the power in the main channel. ACPR values are widely used in the 
design of power amplifiers to quantify the effects of intermodulation distortion and hence also 
serve as a measure of linearity.   
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Figure 3.3 Plot of Adjacent Channel Power 

3.6 Intercept Point (IP)  

The intercept point is the point where the slope of the fundamental linear component meets the 
slope of the intermodulation products on a logarithmic chart of output power versus input power. 
Intercept point can be input or output referred. Input intercept point represents the input power 
level for which the fundamental and the intermodulation products have equal amplitude at the 
output of a nonlinear circuit. In most practical circuits, intermodulation products will never be 
equal to the fundamental linear term because both amplitudes will compress before reaching this 
point. In those cases intercept point is measured by a linear extrapolation of the output 
characteristics for small input amplitudes. Since the third order intermodulation products, among 
the IM products, are of greatest concern in power amplifier design, the corresponding intercept 
point called the third order intercept point (IP3) is an important tool to analyze the effects of 
third order nonlinearities. In fact intercept point serves as a better measure of linearity in 
comparison to intermodulation products as it can be specified independent of the input power 
level [1].  

 

Figure 3.4 Plot showing Third Order Intercept Point 
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3.7 Amplitude Modulation to Phase Modulation (AM-PM) Conversion:  

An amplifier driven under strongly nonlinear conditions produces phase distortion in addition 
to amplitude distortion. The phase distortion is a serious problem in systems with phase 
modulation such as QPSK. This phase distortion is characterized by AM-PM conversion which 
is defined as the change in phase of the output signal when the drive level at the input is 
increased toward and beyond the compression point. The AM-PM effects are usually caused by 
the storage elements in the circuit like the gate-source junction capacitances and parasitics 
associated with inductors under nonlinear conditions.  
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Chapter 4 
Harmonic Tuned Class-J Power Amplifier  

  
In the previous chapters, the principles of operation of classes for power amplifiers and their 

performance parameters are discussed. In this chapter, the principles of class-J operation will be 
discussed. The definition of class-J operation is use of a second harmonic termination to tune the 
shape of drain voltage waveform. In this way, the performance of power amplifier can be 
improved. More details are discussed in following sections.  
  
4.1 Improvement of the efficiency of power amplifier  

 
When a power amplifier is designed, efficiency (drain efficiency, PAE) is an important 

performance. The equation for calculating the drain efficiency is:  
 
     _ =                               (4.1)  
  
Drain_eff represents the drain efficiency. P

fund
 and P

dc
 represent fundamental harmonic power 

and DC power respectively.  
  
From the equation 4.1, it can be found that there are two ways to improve the efficiency 

performance.   
  
(1) One is to increase the fundamental harmonic power. This means that all the output power 

should be at the fundamental frequency and there is no power dissipation at higher order 
harmonics. So, even if the harmonics are used to tune the waveform of drain voltage or drain 
current, the higher order harmonics’ loads (higher than order 2) should be pure reactive. 
However, because of some parasitic resistance of the device, there is always some loss of at 
these higher order harmonics. But, this loss is typically small compared with the fundamental 
harmonic power. So, what is needed to do is to keep all the higher order harmonics’ loads 
reactive to minimize this loss.  
  
(2) The second way to improve the efficiency is to minimize the dc power dissipation. The DC 

power is as follow:  
 
                                     = ×                                 (4.2)  
  
From equation 4.2, it can be deduced that to reduce the DC power dissipation, the product of 

current and voltage needs to be reduced, consequently the overlap of the drain current and 
voltage should be made as low as possible at all times (Figure 4.1 and 4.2):  
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Figure 4.1: Drain current and voltage of class-AB/B PA 

 
Figure 4.2: Drain current and voltage of an ideal switching PA [1] 

  
By applying the Fourier transform to the waveform in figure 4.1, the DC components of drain 

current and voltage is obtained. If the current and voltage are both high across the active device, 
DC components always exist at the same time and there will be power dissipation. Note that in 
figure 4.2, the ideal switching mode power amplifier has no drain current and voltage 
simultaneous, that means there is no power dissipation. All the DC power is transformed to 
signal power. For this ideal switching PA, the efficiency is 100%. But, this kind of PA is not 
easy to realize, so the harmonics can be used to tune the waveform in figure 4.1 and make the 
overlap of drain current and voltage as small as possible.  
  
4.2 Short all the harmonics: Class-AB/B operation:  

 
Before investing in the influence of harmonics on the efficiency performance of power 

amplifier, first study the operation of class-AB/B. For class-AB/B power amplifier, all the 
harmonics are shorted except the fundamental harmonic. The drain current and drain voltage of 
class-AB/B power amplifier are as follow:  
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Figure 4.3:  Drain voltage and current of class-AB/B operation (blue, drain voltage, red, drain current. 

X axis is phase of waveforms in degrees. Y axis is in Amperes and volts for current and voltage 
respectively) 

  
The drain current of the class-AB/B power amplifier is half-sine wave. The equation for the 

half-sine wave is as follow:  
 ℎ _ sin( ) = 1 + × sin( ) + ∑ −2 × × cos( ), = 2 , ∀ ,  [6]         (4.3)  
 
Here all the currents are normalized to the DC component. So, the DC current equals 1, the 

amplitude of fundamental harmonic current will be  . The amplitudes for higher order 

harmonics are defined as  . From the equation, it can be seen the half-sine wave contains 
only even-order harmonics and the fundamental harmonic. Θ represents the phase angle. The 
drain voltage of class-AB/B operation contains only the fundamental harmonic since all 
harmonics except the fundamental harmonic are shorted.  
  
Obviously, if, to make the drain voltage sharper, can be used the harmonics, the overlap of the 

drain current and voltage can be reduced and the efficiency will increase.  
  
4.3 How the harmonics tune the fundamental frequency waveform    
 
For class-F operation, the odd order harmonics are used to shape the drain voltage to a square 

waveform. For class-E operation, the drain voltage waveform is shaped by the harmonics so that 
the drain voltage and the slope of drain voltage is zero when the transistor is on. However, the 
harmonic tune conditions for ideal class-E/F operations are difficult to meet. Due to the 
existence of output capacitance of transistor, higher order harmonics are therefore difficult to 
tune. So, typically just the second harmonic can be tuned in a practical matching network. This 
is main motivation for the use of class-J operation. The question is now how does the second 
harmonic affect the performance of PA. Let’s discuss it step by step.   

  
First, have a look on how the second harmonic affects the drain voltage waveform (figure 4.4):  
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Figure 4.4 Phase relation of fundamental and second harmonic waveforms (x axis, phase angle in 

degree, y axis, voltage in V. Red, fundamental harmonic voltage. Blue, second harmonic voltage. Pink, 
superimposition of these two voltage) 

  
Figure 4.4 shows us that the drain voltage becomes shaper after tuning by second harmonic. 

This is what is needed. For our first impression, the efficiency performance will be improved. 
However, is the problem really so simple? Let's calculate the theoretical efficiency of class-J 
operation.  
  
4.4 Solutions for class-J operation  
 
If the waveform only contains dc, fundamental and second harmonic components, it is called as 

pseudo half sinusoidal (PHS) [6]. The PHS of drain current is as follow: 
 
     _ ( ) = + +  

               = × 1 + × sin( ) − × cos(2 )        [6]     (4.4)  
    

PHS_Isin(θ) is the drain current, Idc is the dc current, Ifund is the fundamental harmonic current 
and Isecond is the second harmonic current. For simplicity, the currents are normalized to DC 
current: 
  

   Idc = 1                                                  (4.5)  
 
      = × sin( )                                             (4.6)  
 
      = − × cos(2 )                                                (4.7)  
 
Now the composition of current is known, in order to obtain the loads, knowledge about the 

composition of voltage is also needed. From figure 4.8, it works out that the voltage waveform 
and current have reverse sign (fundamental component of drain voltage has a 180 degrees phase 
reversal with the drain current and the second harmonic component of drain voltage has a 360 
degrees phase reversal of drain current), which is due to the nature of the schematic (see figure 
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4.5).  

 
  

Figure 4.5:  The drain current and voltage have reversed phase relation intrinsically. (see iD and VDS in 
the graph) 

  
In the previous expressions of drain current and voltage, this phase reversal hasn’t been taken 
into account yet.   
  
The load for the second harmonic: on first sight it might seems that the second harmonic load 

can be arbitrary value. Actually, as discussed in section 1, in order to transform as much power 
from dc to fundamental frequency as more as possible, the power dissipation at higher order 
harmonics should be minimized. Therefore, the second harmonic load used, should be pure 
reactive. It can be inductive or capacitive. Inductive load means the second harmonic voltage 
will lead 90 degrees with the drain current. And a capacitive load means the second harmonic 
voltage will lag 90 degrees with the drain current. So, to synchronize the peak of the 
fundamental and second harmonic waveform like that in figure 4.4, the fundamental load should 
make the fundamental voltage lead or lag 45 degrees with the drain current. This also means 
that: for the typical class-J operation, there are two solutions for the fundamental and second 
harmonic loads. Let’s discuss both of them.  
  
The pseudo half sine (PHS) form of drain voltage:  

 
        _ ( ) = 1 + × sin( ) − × cos(2 )          [6]     (4.8)  

 
A and B is the amplitude of fundamental and second harmonic voltage respectively. All of the 

amplitudes are normalized to Vdc.  
  
If we obtain the derivative of this equation and make it equal to zero, we can get the two peaks 

and two valleys of PHS_Vsin [1]:  
 
      , = 1 ± + @ = , =                [6]                   (4.9)  
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                , = 1 − − @ = +   
 
@ = 2 −                            (4.10)  

 
The minimum value of PHS waveform should be zero:  

 
  , = 0 => 1 − −  = 0 => = 8 (1 − )                (4.11)  
 

  = 8 (1 − ) => = + 1 −                                     (4.12)  

 
From equation 4.12, the maximum and minimum values of A and B are obtained respectively:  
 
     1 − ≥ 0 => ≤ 1 => ≤ √2                                   (4.13)  

 
  = √2	&	 =                          [6]               (4.14)  

  
The first solution: The first solution can be derived by checking the drain current and voltage 

relationship.  
From equation 4.9, the drain current equation is given by:  
 
                      ( ) = + × sin( ) − × × × cos(2 )        (4.15)  
 
                         =                                      (4.16)  
 
                         = × sin( )                 (4.17)  
 
                     = ×× × cos(2 )                   (4.18)  
  
For the first solution, if the load for second harmonic is capacitive. The second harmonic 

voltage should lead 90 degrees with the phase of drain current：  
 

      = − cos 2 + − = − cos 2 +             (4.19)  
 
B is amplitude of Vsecond, the π in the equation is caused by the reverse phase relation of drain 

current and voltage as shown in figure 4.5.  
  
In order to synchronize the peaks of the fundamental and second harmonic voltage wave, the 

fundamental harmonic voltage waveform should lags 45 degrees with the phase of drain current:  
 
      = × sin + +                                          (4.20)  
 
where A is the amplitude of Vfund. The π is caused by the reverse phase relation of drain current 
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and voltage as shown in figure 4.5.  
  
Now the drain efficiency can be calculated. The output voltage on the load is Vout and Iout (see 

figure 4.5):  
 
      ( ) = _ + _                     
 
         = × × sin + − × × cos 2 −   (4.21)  

   

                                             ( ) = _ + _  

                                                               = × sin( ) − × × × cos(2 )                 (4.22) 

The output voltage and the current flow into the load have in-phase relation and they don’t 
contain DC component.  
  
Now, calculate the output power and efficiency of class J operation. The DC power dissipation 

can be calculated from the DC components of drain voltage and current:  
 
       = × = ×                                            (4.23)  
 
The output power can be calculated from the output voltage and current on the load:  
 
                                          = × ×                   
 = 12 × × 2  
                                                    
        = × × cos × A                (4.24)  
 
The drain efficiency:   
 
                                                = = × √ ×                                             (4.25)  
 
The maximum efficiency can be obtained when A reaches its maximum value. As found 

previously, the maximum value for A is √2 . So, the maximum efficiency is:  
 
                                          = = × √ × √2 = ≈ 78.5%             [6]            (4.26)  
 
So, the theoretical highest drain efficiency of class-J operation is 78.5% and if we want to 

achieve this peak efficiency, we need to choose A as √2 and B as 1/2.  
 
    = √2                                               [6]            (4.27)  
 
     =                                                             (4.28)  
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Therefore, the drain voltage is:   
 
 ( ) = + √2 × × sin + + − × × cos 2 + −    (4.29)  

 
                  = √2 × × sin + +                                  (4.30)  

 
            = − × × cos 2 + −                            (4.31)  

  
The π in equations (4.29) and (4.30) is due to the nature of schematic (see figure 4.5). So, it 

should be eliminated when the loads are calculated. From equations (4.16) to (4.17) and 
equations (4.30) to (4.31), the fundamental and second harmonic loads are calculated:  
 
        = √ × ∠                                          (4.32)  

 
             = × ×× ∠ −                                   (4.33)  

 
Let’s choose the values of Vdc and Ipeak to check the loads on the Smith chart.  
 
Assume Vdc=30 V and Ipeak=2.5 A.  
 
       = 34∠                                             (4.34)  
 
        = 28.3∠ −                                [6]           (4.35)  
 
The loads on the Smith chart (figure 4.6):  

 
Figure 4.6:   The fundamental and second harmonic loads (red, fundamental harmonic, blue, second 

harmonic, normalized to 50 Ohms) 
  
An alternative solution on the Smith chart, where the load for second harmonic of solution 2 is 
inductive (figure 4.7):  
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Figure 4.7: The loads of solution 2 (red, fundamental harmonic, blue, second harmonic, normalized to 

50 Ohms) 
  
 
The drain voltage and current waveform for solution 1 and 2:  

 
Figure 4.8 (a) Drain voltage (blue) and current (red) waveforms for solution 1of class-J operation 

 
Figure 4.8 (b) Drain voltage (blue) and current (red) waveforms for solution 2of class-J operation 
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So, the two solutions for class-J operation are:  
 
       = √ × ∠ ±                                      (4.36)  

 
        = × ×× ∠+                                                       (4.37)  

 
                  = × ×                                      (4.38)  
 
The loads in terms of peak power are:  
 
       = √ × ∠ ±                                       (4.39)  

 
       = ×× ∠+                      [6]                (4.40)  

 
Vdc is the dc voltage component of drain voltage and Ipeak is the peak amplitude of drain current.  
 
In this section, the efficiency that class-J operation can provide together with the optimal loads 

for fundamental and second harmonics is discussed. This can be called as ideal class-J operation. 
For ideal class-J operation, the maximum drain efficiency is 78.5%, which is the same as that of 
class-B operation. However, this efficiency is reached without providing a perfect short for the 
second and higher order harmonics, something that is not always practical (for example, there is 
a series inductor of package) in wideband design. So, for single frequency design, we should test 
which class is works best for our device. While for wideband design, we can make use of the 2nd 

harmonic termination to achieve better results, when second harmonic shorts are not practical. In 
the next section, some practical considerations will be discussed.  
  
4.5 Sub-optimum class-J operation  
 
In last section, the solutions for ideal class-J operation are obtained. From equations (4.36) to 

(4.40) we can see: for fixed values of dc voltage and Ipeak or a peak output power, the optimal 
loads for fundamental and second harmonics are constants for a given operating frequency.  
But if to design a wideband power amplifier, we will have constant values for the components 

of our matching network (for example, an fixed inductor, capacitor or transmission line). Use of 
these components will result in a not constant reactance versus frequency. For example, when 
we have an inductive load, the load is given by:  
 
     = +                                       (4.41)  

 
gfund is the conductance of the load, and with the frequency changes, the imaginary part   

will shift on the smith chart (figure 4.9):   
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Figure 4.9:   With increasing frequency, the imaginary part of the load will shift on the smith chart in 

the direction of the green arrow 
  
Another complication is that the reactance of parasitic output capacitance of the device 

 will also change with frequency. Even worse this parasitic output capacitance is not 
a linear capacitor with supply voltage. In fact it is a very strong function of supply voltage, 
which will cause the optimum load shift on the Smith chart with supply voltage modulation as 
well. So, for a wideband power amplifier, it's almost impossible to match every load of different 
frequency to the optimum load. This is the reason why we discuss here sub-optimal class-J 
operation.  
  
For optimum class-J, two conditions should be met:  

1. The peak of the fundamental voltage waveform should synchronize with the second 
harmonic voltage waveform (as shown in figure 4.4). And only this condition is met, the 
superimposition of these two waveforms will have two peaks and two valleys.  

2. The amplitude ratio of fundamental and second harmonic voltage should be a certain 
value. From equation (4.35) we know the amplitude ratio of fundamental and second 
harmonic voltage is A/B. For the optimal load, A=√2, =	 . So, = 2√2 = 2.828   

 
For sub-optimal class-J operation, we indeed have used the second harmonic to tune the drain 

voltage waveform, but we don’t meet the two conditions above exactly.  
  
First, as we have discussed above, for wideband power amplifier, the fundamental loads for 

every frequency can’t be matched to the optimal load. So, let’s discuss how are the waveforms 
like, if the load deviates from the optimum value. For example:  
When it’s the optimum load is given by: 
         = √ × ∠                 (4.42) 

 
The waveform is:  
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Figure 4.10:  Drain current and voltage waveforms for optimal load 

 
When the phase angle changes to and  , the waveforms are:  

 

 
Figure 4.11 (a):  Drain current and voltage waveforms when the phase angle of fundamental harmonic 

load is  
 

 
Figure 4.11 (b):  Drain current and voltage waveforms when the phase angle of fundamental harmonic 

load is  
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Phase angle of fundamental load Drain efficiency 
Pi/5 69.2% 
Pi/4 78.5% 
Pi/3 62.4% 

 
Table 4.1:  Phase angle of fundamental load versus drain efficiency 

  
We can see, when the fundamental load have phase angle different from the optimal load, the 

waveforms of drain voltage also differ (compare figure 4.11). The related theoretical drain 
efficiency performance for different phase angles of fundamental load is shown in table 4.1.  
  
Because of some parasitical series resistance of device, the second harmonic load is also not 

pure reactive. This will also change the phase angle of second harmonic voltage and causing 
similar problems as above.   
  
Second, as we have previously discussed above, another factor which affect the shape of drain 

voltage waveform is amplitude ratio of fundamental and second harmonic voltage. The ratio for 
optimal class J is = 2√2 = 2.828.  
What happens if we change this ratio? To investigate this, the ratio of 9, 3, 1 respectively is 

chosen and the drain voltage waveform is checked:  
 

 
Figure 4.12 (a):  The influence of amplitude ratio of fundamental and second harmonic voltage. A/B=9. 

The DC voltage is adjusted to 38.5 V to make the drain voltage valley reach 0. 
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Figure 4.12 (b):  The influence of amplitude ratio of fundamental and second harmonic voltage. A/B=2. 

The DC voltage is 30 V to make the drain voltage valley reach 0. 
 

 
Figure 4.12 (c):  The influence of amplitude ratio of fundamental and second harmonic voltage. A/B=1. 

The DC voltage is adjusted to 50 V to make the drain voltage valley reach 0. 
  
When the efficiency for different ratio of A and B is calculated, the following results are 

obtained:  
  

Ratio of A/B Drain efficiency 
9 64.9% 
3 76.2% 
1 56.5% 

 
Table 4.2: Ratio of A/B versus drain efficiency 

  
We can see: when the ratio is 9, the amplitude of second harmonic voltage is much smaller than 

that of fundamental harmonic voltage. The drain voltage is almost the same as the waveform of 
class-AB/B. When the ratio decreases to 3, the voltage waveform is more flat in this lower 
range, so. it's close to the optimal class-J waveform. When the ratio reduces to 1, the amplitudes 
of the fundamental and second harmonic voltage waveform are equal. The lower peak of the 
drain voltage becomes higher. The higher peak of fundamental voltage becomes shaper, which 
will exceed the breakdown voltage when the supply voltage of PA is high.  
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When the ratio of A/B is around 3, the efficiency performance is the best. When the ratio 
become higher or lower than 3, efficiency drops. 
  
Two factors will affect the amplitude ratio. One is the phase angle and load value of 

fundamental harmonic load. The other is the value of second harmonic reactive load. If we have 
an inductive load, the imaginary part of the load will shift with frequency on the smith chart as 
shown in figure 4.12.  

 
Figure 4.13:  Imaginary part of load shifts with frequency (green arrow) 

  
The amplitude of second harmonic voltage is determined by the values of second harmonic 

load: jɷL. When ω or L increases, the amplitude of second harmonic voltage will increase. So, 
the value of L cam be used to tune the ratio A/B.  
  
 
4.6 Conclusion:  
In this chapter, we discussed the principles of class-J and sub-optimum class-J operation. The 

optimum class-J operation can give us a peak drain efficiency of 78.5%.We can obtain class-J 
waveform if we use second harmonic to tune the drain voltage waveform of class-AB/B 
operation. This kind of operation is meaningful when we can’t perfectly short the second 
harmonic.  
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5.1 Device Cell Structure 
 

 
Figure 5.2: Lateral-Diffused (LD) MOSFET Structure. 

 
A cross-section of the basic cell structure for the Lateral-Diffused (LD) MOSFET is illustrated 

in figure 5.2. The device is fabricated by starting with a P-type epitaxial layer grown on a heavily 
doped P+ substrate. As implied by the name, the channel is formed by the difference in lateral 
extension of the P-base and N+ source regions produced by their diffusion cycles. Both regions 
are self-aligned to the left-hand-side of the gate region during ion-implantation to introduce the 
respective dopants. 
 
In order to enable high voltage operation with short channel lengths, a lightly doped drain 

(LDD) region is formed on the right-hand-side of the gate by implantation of an N-type dopant. 
The charge in the LDD region and its length along the surface between the gate edge and the 
drain edge must be optimized to maximize the breakdown voltage. A highly doped, deep          
P+ sinker region is also incorporated in the structure to connect the source region to the            
P+ substrate. This allows mounting the chip to the flange of the RF package to create a source 
connected ground plane without the detrimental effects of source wire-bonds. 
 
The doping concentration and length of the P-base region is designed to avoid reach-through 

breakdown. The Reduced Surface (RESURF) effect is utilized to distribute the electric field into 
the LDD region. It has been found that a charge of about 1 x 1012 cm-2 is optimal for obtaining 
the highest breakdown voltage. When the charge is too low, a high electric field is created at the 
drain side of the LDD region reducing the breakdown voltage. In contrast, if the LDD charge is 
too high, a high electric field is created at the gate edge resulting in low breakdown voltages. In 
order to obtain a breakdown voltage of 75-80 V, it is necessary to make the length of the LDD 
region between the gate and the drain at least 5 microns. The breakdown voltage can also be 
limited by the maximum voltage that can be supported in the vertical direction under the N+ 
drain region. This breakdown voltage is determined by the thickness and doping concentration of 
the P-type epitaxial layer. 
 
The high electric field at the gate edge in the LD-MOSFET structure has been a major 

drawback because it enhances hot electron injection into the gate oxide. Unlike power switching 
MOSFETs, the RF power MOSFETs operate under a constant quiescent DC voltage and current 



Design and Analysis of High Efficiency LDMOS Power Amplifier 

37 
DELHI TECHNOLOGICAL UNIVERSITY  JUNE 2011 

under class A and class AB conditions. If the electric field at the gate oxide is large, the electrons 
can gain sufficient energy to be launched into the gate oxide and become captured by traps in the 
oxide. The charge contributed by the trapped electrons causes a shift in the threshold voltage 
which is referred to as the drift phenomenon in LD-MOSFETs. This instability in LD-MOSFETs 
has been a major concern for the industry resulting in various proposed solutions. 
 
Drain current flow in the LD-MOSFET structure is induced by the application of a positive bias 

to the gate electrode. This produces an inversion layer at the surface of the P-base region under 
the gate electrode. This inversion layer channel provides a path for transport of electrons from 
the source to the drain when a positive drain voltage is applied. Due to the high electric field at 
the edge of the gate during high voltage operation, the channel length of the LD-MOSFET must 
be sufficiently long to avoid reach-through of the depletion layer in the Pbase region. 
Consequently, the LD-MOSFETs operate with channel pinch-off as the drain voltage increases 
resulting in a square law relationship between the drain current and the gate voltage. In the     
LD-MOSFET structure, the drain current flows along the surface from the drain electrode to the 
top surface source electrode. The current is then re-directed via the deep P+ sinker region into 
the P+ substrate. The on-resistance of the structure is determined not only by the resistance of the 
channel and drift region but also by the resistance of the P-type substrate. 
 
For a typical LD-MOSFET designed to support 75-80 V, although the length of the LDD region 

is about 5 microns, the cell pitch is about 1.5 microns because of the space taken by the deep P+ 
diffusion and the interdigitated metal contacts for the drain and source. 
 
The width of the drain metal is insufficient to allow bonding wires to connect the drain to the 

package terminal. It is necessary to carry the drain current along the drain metal fingers in the 
orthogonal direction to the transistor cell cross-section shown in figure 5.2 to a drain bonding 
pad. As the drain current is collected along the finger, the current level, and hence the current 
density in the drain metal, becomes larger towards the drain bonding pad. The drain metal must 
be sufficiently thick so that electromigration failures are mitigated during device operation. It is 
commonplace to use gold metallization in RF LD-MOSFETs, instead of the usual aluminium 
metal used in power MOSFETs, because of its enhanced resistance to electromigration effects.  
 
5.2 RF properties of Si-LDMOS 
 
In a Si-LDMOS transistor, the length of the channel region determines the properties of the 

system at high frequency. In fact, the shorter channel length improves the linearity since the 
transistor always works in velocity saturation. In high frequency operation, telecommunication 
applications such as WiMax, GaAs based HEMT and MESFET are used due its higher saturation 
velocity compared to Si. Currently an interest is growing towards Si-LDMOS technology in 
communication area due to its cost/scalability business model. Since Si is a developed material, 
the structure of LDMOS gives an excellent high power characteristics, linearity, power gain and 
offers a wide range of frequency in the order of GHz. The recent investigation shows an 
improvement in RF characteristics of Si-LDMOS, which surpass BJT and even approaches to 
SiC-MESFET performance. 
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Chapter 6 

Overview of Advanced Design System 
6.1 DC Simulation 

6.1.1 DC Simulation Concept 

The simulators compute the response of a given circuit to a particular stimulus by converting, 
based on certain assumptions, a system of nonlinear ordinary differential circuit equations 
into a system of nonlinear algebraic equations and then solving them numerically. The 
various simulators convert ordinary differential equations to algebraic equations differently 
and use different numerical techniques for solving the resulting algebraic equations, leading 
to the many different simulator flavors (DC, AC, S-parameter, transient, harmonic balance, 
circuit envelope). 

For example, the DC and the harmonic balance simulators treat the d/dt operator differently, 
leading to different algebraic equations. The numerical simulation techniques rely on various 
iterative processes to achieve mathematical convergence toward an equilibrium point in the 
nonlinear algebraic equations that describe the circuit. Once this equilibrium point is reached 
to within certain tolerances, a solution is said to have been found. The specific assumptions 
taken for the DC simulator are described in Simulation Assumptions. 

6.1.2 Simulation Assumptions 

DC voltages and currents are signals of zero frequency. The simulator uses this concept when 
performing a DC simulation, and the following conditions apply: 

• Independent sources are constant valued.  
• Linear elements are replaced by their (real) conductance at zero frequency.  
• Capacitors, micro-strip gaps, AC coupled lines, and similar items are treated as open 
circuits.  
• Inductors, conductive discontinuities, and similar items are treated as short circuits.  
• Time-derivatives are constant (zero).  
• Transmission lines are replaced by DC conductance values calculated from their length, 
cross-sectional area, and conductivity.  
• Scattering parameter (S-parameter) files must include zero frequency data to operate 
properly at DC (this is also required for harmonic balance analysis). Otherwise, the simulator 
extrapolates each S-parameter for the zero-frequency case, and uses the real part as the DC 
response.  
• The simulator has built-in safeguards against nodes that are DC-isolated (that have no DC 
path to ground), as well as against DC source-inductor loops. Nevertheless, try to avoid these 
conditions.  
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6.2 AC Simulation 

6.2.1 AC Simulation Concept 

When an AC small-signal simulation is run, the system first computes the DC operating point 
of the circuit. Whenever a linear simulation such as a linear AC simulation requires a single-
point DC bias simulation to be run first, it is referred to as a bias-dependent linear simulation. 
The most common example is the case of a linear amplifier that uses a biased transistor as the 
active element. The DC bias simulation is executed automatically and transparently (unless 
an error causes the DC simulation to fail to converge). 

Following the DC bias simulation, the simulator linearizes all nonlinear devices about their 
bias points. A linearized model captures the small incremental changes of current due to 
small incremental changes of voltage. These are the derivatives of the transistor model 
equations, which are evaluated at the DC bias point. Nonlinear resistors and current sources 
are replaced by linear resistors whose values are set by the small signal conductance dI/dV. 
Current sources that depend on voltages other than the voltage across the source are replaced 
by linear dependent current sources dI1/dV2. Nonlinear capacitors are replaced by linear 
capacitors of value dQ/dV. 

The resulting linear circuit is then simulated over the specified frequency range. Small-signal 
AC simulation is also performed before a harmonic-balance (spectral) simulation to generate 
an initial guess at the final solution. 

Use the AC controller to: 

• Perform a swept-frequency or swept-variable small-signal linear AC simulation. 
• Obtain small-signal transfer parameters, such as voltage gain, current gain, 

transimpedance, transadmittance, and linear noise.  

Simulation can be performed repeatedly while sweeping some parameter. If changing these 
parameters affects the DC operating point, the DC operating point and linearized circuit will 
be recomputed at each step. 

 

6.3 S- Parameter Simulation 

S-parameters are used to define the signal-wave response of an n-port electrical element at 
a given frequency. Detailed discussions of S-parameters can be found in standard textbooks 
on electrical circuit theory. 

• S-parameter simulation is a type of small-signal AC simulation. It is most commonly 
used to characterize a passive RF component and establish the small-signal characteristics 
of a device at a specific bias and temperature.  
• If the circuit contains any nonlinear devices, a DC simulation is performed first. 
Following the DC bias simulation, the simulator linearizes all nonlinear devices about their 
bias points. A linearized model captures the small incremental changes of current due to 
small incremental changes of voltage. These are derivatives of the transistor model 
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equations, which are evaluated at the DC bias point. Nonlinear resistors and current sources 
are replaced by linear resistors whose values are set by the small signal conductance dI/dV. 
Current sources that depend on voltages other than the voltage across the source are 
replaced by linear dependent current sources dI1/dV2. Nonlinear capacitors are replaced by 
linear capacitors of value dQ/dV. 
• The linear circuit that results is analyzed as a multiport device. Each port is excited in 
sequence, a linear small-signal simulation is performed, and the response is measured at all 
ports in the circuit. That response is then converted into S-parameter data, which are in turn 
sent to the dataset. S-parameter simulation normally considers only the source frequency in 
a noise analysis. Use the Enable AC Frequency Conversion option if you also want to 
consider the frequency from a mixer's upper or lower sideband. 

 

6.4 LSSP Simulation 

6.4.1 LSSP Simulation Concept 

Unlike small-signal S-parameters, which are based on a small-signal simulation of a 
linearized circuit, large-signal S-parameters are based on a harmonic balance simulation of 
the full nonlinear circuit. Because harmonic balance is a large-signal simulation technique, its 
solution includes nonlinear effects such as compression. This means that the large-signal S-
parameters can change as power levels are varied. For this reason, large-signal S-parameters 
are also called power-dependent S-parameters. 

Like small-signal S-parameters, large-signal S-parameters are defined as the ratio of reflected 
and incident waves: 

          =                    (6.1) 

The incident and reflected waves are defined as: 

          =   = ∗
            (6.2) 

where 

Vi and Vj are the Fourier coefficients, at the fundamental frequency, of the voltages at ports i 
and j, Ii and Ij are the Fourier coefficients, at the fundamental frequency, of the currents at 
ports i and j, Z0i and Z0j are the reference impedances at ports i and j, and 
R0i and R0j are the real parts of Z0i and Z0j. 

This definition is a generalization of the small-signal S-parameter definition in that V and I 
are Fourier coefficients rather than phasors. For a linear circuit, this definition simplifies to 
the small-signal definition.  
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6.4.2 LSSP Simulation Process 

The simulator performs the following operations to calculate the large-signal S-parameters 
for a two-port: 

• Terminates port 2 with the complex conjugate of its reference impedance. Applies a signal 
with the user-specified power level P1 at port 1, using a source whose impedance equals the 
complex conjugate of that port's reference impedance. Using harmonic balance, calculates the 
currents and voltages at ports 1 and 2. Uses this information to calculate S11 and S21.  
• Terminates port 1 with the complex conjugate of its reference impedance. Applies a signal 
of power P2 = |S21| 2 P1 at port 2 using a source whose impedance equals the complex 
conjugate of the reference impedance of port 2. Using harmonic balance, calculates the 
currents and voltages at ports 1 and 2. Uses this information to calculate S12 and S22.  

6.4.3 Comparing LSSP and S-Parameter Simulations 

S-parameter simulations are performed on linear circuits. LSSP simulations can be performed 
on nonlinear circuits and thus include nonlinear effects such as gain compression and 
variations in power levels. 

Both LSSP and S-parameter simulations generate PortZ[] and S[] fields in the associated 
dataset. LSSP generates the additional field PortPower[], which contains the power, in dBm, 
seen at each port for the respective LSSP port frequencies. 

 

6.5 Harmonic Balance Simulation 

Harmonic balance is a frequency-domain analysis technique for simulating distortion in 
nonlinear circuits and systems. It is usually the method of choice for simulating analog RF 
and microwave problems, since these are most naturally handled in the frequency domain. 
Within the context of high-frequency circuit and system simulation, harmonic balance offers 
several benefits over conventional time-domain transient analysis. 

Harmonic balance simulation obtains frequency-domain voltages and currents, directly 
calculating the steady-state spectral content of voltages or currents in the circuit. The 
frequency integration required for transient analysis is prohibitive in many practical cases. 
Many linear models are best represented in the frequency domain at high frequencies. Use the 
HB simulation to: 

• Determine the spectral content of voltages or currents.  
• Compute quantities such as third-order intercept (TOI) points, total harmonic distortion 
(THD), and intermodulation distortion components.  
• Perform power amplifier load-pull contour analyses.  
• Perform nonlinear noise analysis.  
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6.6 XDB Simulation 

6.6.1 Gain Compression Concept 

Gain compression is the difference, in dB, between a point on an idealized linear (small-
signal) power-gain slope and a corresponding point on the actual power curve. That is, for a 
gain compression of x dB,  

       	 = 	10 ∗ ( )             (6.3) 
where Gx is the point on the idealized linear gain slope that is x dB directly below the point 
Gss on the small-signal power curve, as illustrated below. 

 

Figure 6.1:  Gain curve showing x dB compression 

The simulator stops its analysis when it reaches that point. The default setting is 1 dB. The 
XDB simulator uses a harmonic balance algorithm, and as such shares many of the 
parameters and options that the Harmonic Balance simulator provides. However, this 
simulation requires that the input and output of the component or circuit whose gain 
compression is being simulated be defined by an appropriate source and termination. 

6.6.2 Performing a Gain Compression Simulation 

Start by creating your design, then add current probes and identify the nodes from which you 
want to collect data for a successful analysis: 

• Use port-type sources at the inputs, such as the P_1Tone under Sources-Freq Domain.  
• Terminate outputs with port-impedance terminations. You can find this type of port under 
Simulation-S_Param. Verify the impedance value.  
• The Num values in the port-impedance terminations are used to specify input and output 
ports.  
• Add the Gain Compression control element to the schematic. Fill in the fields under the 
Freq and X dB tabs:  

o For Freq, set the fundamental frequency and order  
o For X db, specify the input and output ports, the frequency at each port, power 

variation for each port, and maximum input power.  
• For a faster simulation of large circuits, use the Krylov option from solver tab 
• You can use previous simulation solutions to speed up the simulation process. By enabling 
"Reuse Simulation Solutions" in the "Harmonic Balance Simulator." 
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6.7 Envelope Simulation 

6.7.1 Theory of Operation for Circuit Envelope Simulation 

The Envelope simulator combines features of time- and frequency-domain representation, 
offering a fast and complete analysis of complex signals such as digitally modulated RF 
signals. 

Briefly, this simulator permits input waveforms to be represented in the frequency domain as 
RF carriers, with modulation "envelopes" that are represented in the time domain as shown in 
the following figure. 

 

 

Figure 6.2: Modulated signal in the time domain 

 

 

Figure 6.3: Extraction of time domain data in frequency domain 

Extract data from time domain selecting the desired harmonic spectral line (fc in this case), it 
is possible to analyze:  

o Amplitude vs. time (oscillator start up, pulsed RF response, AGC transients)  
o Phase (f) vs. time (t) (VCO instantaneous frequency (df/dt), PLL lock time)  
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o Amplitude and phase vs. time (constellation plots, EVM, BER) 

 

 

Figure 6.4: Amplitude and Phase reconstruction 

Extract data from frequency domain by applying FFT to the selected time-varying spectral 
line it is possible to analyze:  

o Adjacent channel power ratio (ACPR)  
o Noise power ratio (NPR)  
o Power added efficiency (PAE)  
o Reference frequency feed through in PLL  
o Higher order intermods (3rd, 5th, 7th, 9th) 

 

Figure 6.5: Time domain to frequency domain conversion using FFT 

6.7.2 When to Use Circuit Envelope Simulation 

Circuit Envelope is highly efficient in analyzing circuits with digitally modulated signals, 
because the transient simulation takes place only around the carrier and its harmonics. In 
addition, its calculations are not made where the spectrum is empty. 

• It is faster than Harmonic Balance, assuming most of the frequency spectrum is empty.  
• It compromises neither in signal complexity, unlike Harmonic Balance or Shooting 
Method, nor in component accuracy, unlike Spice, Shooting Method, or DSP.  
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• It adds physical analog/RF performance to DSP/system simulation with real-time co-
simulation with ADS Ptolemy.  
• It is integrated in same design environment as RF, Spice, DSP, electromagnetic, 
instrument links, and physical design tools.  

6.7.3 Advantage over Harmonic Balance: 

• In Harmonic Balance, if you add nodes or more spectral frequencies, the RAM and CPU 
requirements increase geometrically. The Krylov solver improves this, but it is still a 
limitation of Harmonic Balance because the signals are inherently periodic.  
• Conversely the penalty for more spectral density in Circuit Envelope is linear: just add 
more time points by increasing tstop. The longer you simulate, the finer your resolution 
bandwidth.  
• Doing a large number of simple one-tone HB simulations is effectively faster and less 
RAM intensive than one huge HB simulation.  
• With a circuit envelope simulation the amplitude and phase at each spectral frequency can 
vary with time, so the signal representing the harmonic is no longer limited to a constant, as it 
is with harmonic balance.  

6.7.4 How to Use Circuit Envelope Simulation 

Start by creating your design, then add current probes and identify the nodes from which you 
want to collect data. 

For a successful analysis, be sure to: 

• Use either time domain or frequency domain sources in your circuit. In a circuit 
employing a mixer, provide a source for the LO.  
• Add the Circuit Envelope controller to the schematic. (From the Component palette, 
choose Simulation-Envelope. Add the ENV component to the schematic.) Double-click to 
edit it. Fill in the fields under the Env Setup tab:  
o A Circuit Envelope simulation runs in the both the time and frequency domain. Set the 
stop time and time step (start time is 0). Time step defines the maximum allowed bandwidth 
(± 0.5/Time step) of the modulation envelope. The analysis bandwidth (1/Time step) should 
be at least twice as large as the modulation bandwidth to ensure accurate results at the 
maximum modulation frequencies.  
o Enter fundamental frequencies and order.  
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Chapter 7 
Simulation and Design 
 
7.1 Device Characterization 
 
7.1.1 Device Model Used 
 
NXP semiconductor (formerly Philips Semiconductor) is one of the leading foundries in 

manufacturing of Semiconductor devices. They are expert in RF power solution. They 
provide ADS model design kit of their products. These design kits are useful in analysis and 
design of hardware for RF application. One such product is used in this project. 
 
A 25 Watt, Base station RF LDMOS power transistor form NXP Semiconductors is used for 

this project work. NXP’s BLF6G38S-25 model is designed to work in frequency range of 
3400MHz-3800MHz. Easy power control, integrated ESD protection, excellent ruggedness, 
high efficiency, excellent thermal stability, internally matched for ease of use, are some 
features of this transistor. 
 
While selecting values for biasing, its limiting values must be taken into consideration. 

Some important limiting values are tabulated in table 7.1. 
 

Parameter Min Max 
VDS - 65V 
VGS -0.5V +13V 
ID - 8.2A 

Tstg -65oC +150oC 
Tj - 200oC 

Rth(j-case) 
For Tcase = 

80oC 

1.8K/W 
(typical) 

 

 
Table 7.1: Limiting values of NXP’s BLF6G38S-25 model 

 
7.1.2 DC Simulation 
 
According to the instructions for the BLF6G38S-25 ADS model, the valid range of gate 

voltage Vgs is from -0.5V to +13V and the threshold voltage is at 2.0V. The valid range of 
drain voltage Vdd is from 0V to 65V. 
 
Before building up the circuit, the maximum allowed DC power dissipation must be found. 

From table 7.1, we notice that the maximum Operating Junction Temperature is 200oC and 
the Thermal Resistance, Junction to case is 1.8oC/W for a Case Temperature 80oC, 25W CW. 
Based on the above, we find: 
   	 = ( ) = . = 66.67	 .             (7.1) 
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The above result will limits the choice of the bias level to ensure a secure operation region for 
the transistor and to prevent it from self heat destruction. 
 
Figure 7.1 below shows the I-V characteristic of the LDMOS transistor with Gate bias 

voltage swept from 0V to 13V. This information is important as a starting point of the design 
and it used to determine the DC bias condition for the transistor based on the amplifier class 
the design belongs to. 
 
 It is decided to operate at drain bias voltage of 28V, which is suggested by datasheet. As of 

Class J amplifier, the gate bias voltage of 2.3V is picked as indicated by the marker m1 in 
Fig. 7.1. This bias point is chosen because of the small quiescent current of 319mA through 
the transistor drain showing that the transistor is biased close to the cut-off region. 
 
Figure 7.1 also shows curve for maximum power dissipation below which there is safe 

operating region of transistor. 
 

 
Figure 7.1: I-V curve of BLF6G38S-25 with different drain and gate bias voltage 

 
7.1.3 AC simulation 
 
By doing AC small signal simulation, transfer characteristics such as transconductance, 

transimpedance can be determined. Transconductance (Gm) specially is important while 
considering biasing point for conventional class power amplifier. For particular VDS, the 
value of Gm changes with change in gate bias voltage. For conventional class amplifier, it is 
suggested to select gate bias such as to have maximum Gm. 
 
The circuit is simulated for 3.5GHz AC signal which is operating frequency for this work. 

Marker m5 in figure 7.2 shows Gm is maximum at 2.7V while at Class J biasing Gm = 0.754 
denoted by marker m3. 
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Figure 7.2: Transconductance curve for various values of VDS and for Gm vs VGS for particular VDS 
 
7.1.4 Small Signal S-Parameter Simulation 
 
After choosing a suitable DC bias condition, the next step is to simulate the transistor to find 

S-parameters. The transistor is terminated with 50Ω at the input and output and simulated for 
frequency range of 3GHz to 4GHz. Figure 7.3 shows s-parameter variation for simulated 
frequency range. 
 
Since the X-parameter¶ file for large signal is not available from manufacturer. Small-signal 
S-parameters will be used instead during the design process. The ADS simulated S-
parameters of the transistor for 3.5GHz shown in figure 7.4. It can be assumed that the 
BLF6G38S-25 transistor model using S-parameters for computation is accurate enough so 
that the simulated results will be able to accurately describe the actual PA performance. 
 

¶X-parameter: A mathematical superset of S-parameters and are used for characterizing the amplitudes and relative phases of 
harmonics generated by nonlinear components under large input power levels. 

 

 
Figure 7.3: Simulated S-parameter for frequency range of 3GHz to 4GHz 
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Figure 7.4: S-parameter at 3.5GHz 

 
7.1.5 Large Signal S-Parameter Simulation 
 
Large signal s-parameter tests are used to obtain the s-parameters of nonlinear systems. 

LSSP test requires the use of a power source, because nonlinear systems may have different 
s-parameters at different power levels. For this test, a power level of 23dBm (200mW) was 
used to measure the s-parameters of the transistor at 3.5GHz. The transistor was also biased 
to the desired operating point as defined in the previous section. Table 7.2 shows large signal 
s-parameter for simulated LDMOS. 
 

 
Table 7.2: Large signal S-parameter at 3.5GHz 

 
It was not possible to directly compare the results obtained from these tests to the real 

transistor, because no s-parameter data had been recorded for the physical transistor. The 
LSSP simulation results were a good estimation of the transistor’s s-parameters. However it 
was concluded that the model provided was not accurate enough to be the sole basis for a 
physical design. 
 
7.1.6 Stability Analysis 
 
The stability issue is very important for power amplifier design. If it’s possible, we should 

make the power amplifier unconditional stable. But, the reality is we will lose a lot of gain if 
we make it unconditional stable. So, our strategy is to make the source and load stability 
circles outside the main area of the Smith chart and match the input and output outside the 
stability circles.  
 
Figure 7.5 shows the load and source stability circles. The circles are plotted for supply 

voltage VDS = 28V for frequency range of 3GHz to 4GHz. Red coloured contours represent 
source stability circles and red contours represent load stability circles. 
 
It can be noticed that for the given range of frequency, both stability circles are outside the 

main smith chart region. This means that transistor in unconditional stable at given voltage 
for frequency region of interest. 
 

S(1,1)

0.374 / -97.055 

S(1,2)

0.005 / -25.945 

S(2,1)

4.978 / -114.054 

S(2,2)

0.759 / -168.236 
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Figure 7.6 shows curve for stability factor (K) and geometrically derived source stability 
factor (mu_source) and load stability factor (mu_load). The device is unconditionally stable if 
the stability factor is above 1 for frequency range of interest. 
 
From graph in figure 7.6(b), it can be deduced that device is unconditionally stable for 

region of interest. But from figure 7.6(a) it can be concluded that there is need of stabilization 
network to be used at input to make the device unconditionally stable for whole frequency 
range. 
 
Maximum available gain is gain that can be achieved when input and output are conjugately 

matched and there is no feedback. The value of MAG is real for all values where stability 
factor is greater than 1. For K<1, MAG becomes infinite. Infinite gain means Oscillation. The 
curve of MAG can be used to learn about oscillating behaviour of device. 
 
Maximum available gain (MAG) is shown in figure 7.7 along with associated power gain 

and transducer gain.  
 

 
Figure 7.5 Source (Red) and load stability (blue) circle for VDS=28V and frequency range of 3GHz 

to 4GHz 

  
Figure 7.6(a): Stability factor from DC to 10GHz       Figure 7.6(b): Zoomed graph of stability factor  

from 3GHz to 4GHz 

indep(S_StabCircle1) (0.000 to 51.000)

S
_S

ta
bC

irc
le

1

indep(L_StabCircle1) (0.000 to 51.000)

L_
S

ta
bC

irc
le

1

2 4 6 80 10

2

4

6

0

8

freq, GHz

K
m

u_
lo

ad
m

u_
so

ur
ce

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.93.0 4.0

2
3
4
5
6
7

1

8

freq, GHz

K
m

u_
lo

ad
m

u_
so

ur
ce

_ _



Design and Analysis of High Efficiency LDMOS Power Amplifier 

 51 
DELHI TECHNOLOGICAL UNIVERSITY  JUNE 2011 

 
Figure 7.7: MAG (blue), associated power gain (red) and transducer gain (pink) 

 
 

7.2 Input Network Design 
 
7.2.1 Input Bias Network 
 
If the transistor is to perform efficiently and consistently, it must be able to maintain its 

operating point throughout a variety of operating conditions. Therefore, an active bias 
network is designed to maintain a constant output voltage by compensating for fluctuations in 
input power and operating temperature. Input power quality is ensured by a 78L08 voltage 
regulator and temperature compensation is achieved with the use of a 2N2222 
 
Bi-polar Junction Transistor (BJT) that is external from the LDMOS transistor but placed as 

close as possible to it. The voltage generated by this network can be tuned via a 200Ω 
potentiometer. The active bias network also features decoupling capacitors to minimize the 
RF interference from the adjacent input matching network. 
 
The active bias network was modelled to be as accurate as possible in figure 7.8. A simple 

8V source was used to represent the output of the voltage regulator, a SPICE model was used 
to represent the BJT and two variable resistors were used to model the potentiometer. Once 
the schematic was completed, another DC analysis was conducted. This time, the DC analysis 
was to study the circuit’s behaviour and verify that the schematic can supply the required 
2.3V to the transistor’s gate. This was achieved by sweeping the potentiometer and reading 
the circuit’s output voltage (labelled as VGS, as it represents the voltage applied to the 
transistor’s gate). Since NXP’s LDMOS model does not account for changes in temperature, 
thermal effects could not be studied. Therefore, operating temperature was kept to a constant 
25oC  
 
As mentioned before, the potentiometer was modelled as two variable resistors (one resistor 

of variable value R1 and the other of value 200Ω minus R1). The graph in figure 7.9 indicates 
that with this 200Ω potentiometer, gate voltages between 1.5-2.9V can be achieved. This 
allows for quiescent drain currents between 3.5μA-2.3A. For the specifications of the project 
(IDQ = 319mA and VGS = 2.3V), this DC analysis indicates that the potentiometer should be 
somewhere in the middle of its range, with R1 roughly equal to 86.9Ω and R2 roughly equal 
to 113.1Ω.  
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Figure 7.8: Input bias network design 
 
 

 
 

Figure 7.9: VGS as function of potentiometer 
 
 
7.2.2 Input Matching Network Design 
 
While designing power amplifier, the most important thing in consideration is output power. 

The matching networks of this amplifier must be matched to give maximum power output 
with considerable efficiency. To transfer maximum power from source to transistor, source 
must be matched to conjugate of input impedance of transistor. 
 
S-parameter simulations were used extensively for designing the input matching network. 

The networks were designed to match the impedance values obtained from calculation of 
input impedance using s-parameters. 
 
From small signal s-parameter simulation, following values are obtained at 3.5GHz with 

drain bias voltage VDS=28V and gate bias voltage VGS = 2.3V. 
 

S(1,1) S(1,2) S(2,1) S(2,2) 
0.400∠-104.381 0.005∠-26.781 5.703∠-114.538 0.756∠-167.424 

 
Table 7.3: Small signal S-Parameter data for bias condition of VDS=28V and VGS=2.3V 
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By using these values, input impedance can be calculated which must be presented by input 
matching to gate of transistor to transfer maximum power from input source to transistor. 
 
After mathematical calculations, the value comes out to be 34.58+j*29.15Ω. 
 
Another way to verify these calculations is to do source pull simulation. Figure 7.10 shows 

result for source pull simulation. 
 

 
 

Figure 7.10: Source pull simulation (marker m3 shows source matching point) 
 
Source pull gives source matching point impedance as 35.7+j*28.65Ω. By doing source pull 

for some fine surface samples, the results from source pull simulation and mathematical 
calculations are almost matched. 
 
Next step is to design input matching network. Input matching network is designed using 

transmission line. A low pass network topology is used. Figure 7.11 shows the designed 
network.  

 

 
 
Figure 7.11 Input design network                  Figure 7.12 Return loss of network of figure 7.11 

 
Resistance R12 and transmission line TL8 forms non ideal choke. TL9 and TL10 comprises 

low pass network which alongwith non ideal choke transfers 50Ω to required input source 
impedance. Capacitor C6 is used as d.c. blocking capacitor. 
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Figure 7.12 shows return loss presented by designed matching network. It has minimum at 
3.5GHz. Figure 7.13 shows input matching network designed using micro-strip line.  

 

 
 

Figure 7.13: Input matching network implemented using microstrip line 
 
DC block and AC short is implemented using parallel branch of lumped element. These 

blocks provide almost zero impedance effectively doing the work of DC block and AC short. 
 
 
7.3 Design of Class AB Amplifier 
 
7.3.1 Load Pull Analysis 
 
Load Pull is a well-known measurement technique that is used to measure the power 

performance of a power amplifier/transistor vs. varying termination impedances. A typical 
load pull setup is comprised of a fundamental source and load tuner, biasing network attached 
to transistor. Load-pull simulation generates contours that indicate load impedances. These 
contours cause a certain power to be delivered to the load when they are presented to the 
output of a device along with the specified source impedances and available source power. 
 
These simulations show the performance of the transistor under different load conditions 

using harmonic balance analysis. The load pull test templates in ADS were used to perform 
this test, because it would have been too complex of a task to write all the equations required 
to display the contour graphs. The results were relatively accurate for such a complex 
transistor model. 
 
The load pull simulation is performed with VDS = 28V, VGS=2.3V with input power of 

23dBm. The input power level is calculated for 1dB compression point. In order to get 
44dBm (25W) output power with transistor having gain in range of 16dB to 20dB, 1dB 
compression point must be in range of 23dBm to 27dBm. We can choose lowest power since 
with increase in input power gain decreases. Therefore, input power level of 23dBm is 
selected for load pull simulation. The input frequency is set to 3.5GHz. 
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Figure 7.14 shows the result of load pull simulation. The estimated maximum efficiency is 

63.14% and maximum output power is 45.74dBm. The points for maximum efficiency and 
for maximum power output are different. Since our main concern is efficiency, maximum 
efficiency point is considered as optimum load. The optimum load to be presented to output 
end of transistor comes out to be 5.870-j*1.566Ω. Corresponding efficiency is 63.14% and 
output power is 43.94dBm. 
 

  
 
Figure 7.14(a):  PAE (red) and power (blue) contours         Figure 7.14(b): Drain efficiency 
 

 
 

Figure 7.14(c): Simulated load impedance from fundamental load pull simulation 
 
7.3.2 Output Matching Network 
 
Using the simulated load pull results, load impedance to be presented to drain terminal is 

determined. Next step is to match the 50Ω termination to desired load. While designing class 
AB amplifier, the harmonic loads must be terminated with zero impedance. The output 
matching network must be designed in such way to present short at drain at second and 
higher harmonics. 
 
Figure 7.15 shows designed output matching network. Transmission line TL13, TL14, TL15 

and TL16 presents short at harmonic frequency up to fifth order. Next block is low pass 
network which shorts other higher harmonics and matches 50Ω load to desired load 
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impedance. Figure 7.16 shows simulated impedances up to fifth order on smith chart. Figure 
7.17 shows output matching network implemented using microstrip line. 
 
Table 7.4 shows impedance presented by output matching network to drain of transistor. 

 

 
 

Figure 7.15 Output matching network 
 

  
 

Table 7.4: Impedance presented by output matching network 
 

 
 

Figure 7.16: Simulated load impedance. Fundamental (red), second harmonic (blue) 
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Figure 7.17: Output matching network using microstrip line 
 
 

7.3.3 Overall Circuit and its Verification 
 
7.3.3.1 Overall Circuit Design 
 
Using networks designed above are assembled to generate overall circuit of Class AB 

amplifier. Figure 7.18 shows overall circuit of class AB amplifier and figure 7.19 shows 
design implemented using microstrip line. RT Duriod(5870) with εr=2.23 is used as substrate 
with height of substrate 0.8mm and thickness of conducting surface 8 μm. 
 

 
 

Figure 7.18: Overall circuit of Class AB amplifier 
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Figure 7.19: Circuit implemented using microstrip line 

 
7.3.3.2 Verification 
 
Next step is to verify the circuit for output power and efficiency. Harmonic balance 

simulation is dues for this purpose. 1-tone and 2-tone harmonic balance simulation is 
performed to find the output power and efficiency. In built ADS template is used for both 
simulation.  
 
For one-tone simulation, power is swept from -10dBm to 38dBm with biasing condition 

described earlier. Following are the results for one-tone harmonic balance simulations. 
 
Figure 7.21 shows the maximum achievable power added efficiency is 62.52% and drain 

efficiency 64.13% at fundamental output power of 44.8dBm. 

 
Figure 7.20: PAE and Drain efficiency               Figure 7.21: Output power spectrum 

 

  
 

   Figure 7.22: Drain voltage spectrum   Figure 7.23: Drain current (red) and 
      voltage (blue) 
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Figure 7.22 shows drain voltage spectrum. Harmonics are not present in the drain voltage 

spectrum of class AB amplifier as all harmonics are shorted. 
 
Figure 7.23 depicts drain current and voltage waveform. Current and voltage are out of 

phase by 180o due to the circuit topology. Since model is not giving access to the internal 
drain current, current waveform in figure 7.23 is truncated and only positive half is shown. 
 

  
Figure 7.24: AM to AM conversion                         Figure 7.25: AM to PM conversion 

 
Figure 7.24 and 7.25 shows effects of nonlinearity of internal components of transistor. 

Amplitude distortion (AM to AM conversion) can be accounted by using power input above 
1dB compression point. The problem is due to phase distortion. The nonlinear components of 
transistor like output capacitance are the main culprit to cause phase distortion. The minimum 
the value of AM-PM conversion better is the linearity of designed amplifier. At input power 
level of 23dBm, phase distortion is around -2o which is in range of acceptable level. 
 
Next step is to perform two tone harmonic balance simulation. This is performed to evaluate 

the amplifier performance under two signals spaced vey near. 
 
Two signal spaced apart by 100 kHz from each other are used as input in two tone 

simulation. ADS’s built in template is used for data display. Following are results obtained 
from two-tone harmonic balance simulation. 
 
Figure 7.26 shows maximum achievable efficiency is 50% under two tone condition which 

is under acceptable limit. 
 

 
Figure 7.26: PAE (red) and gain (blue) for both tones 
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Figure 7.27: Third order IMD                           Figure 7.28: Fifth order IMD 
 

Third order harmonic and fifth order harmonic are -20dBc (figure 7.27) and -35dBc (figure 
7.28) at output level of 42dBm which are bit larger than expected which shows the linearity 
decreased. 
 

 
 

Figure 7.29: Output spectrum and zoomed spectra for centre frequency of 3.5 GHz 
 
Class AB amplifier is designed is giving expected performance with efficiency of 62% and 

output power of 44 dBm. To implement above amplifier, physical layout is created. Physical 
layout is shown in appendix A. 
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7.4 Design of Class J Amplifier 
 
7.4.1 Load Pull Analysis 
 
7.4.1.1 Fundamental Load Pull Simulation 
 
The load pull simulation is performed with VDS = 28V, VGS=2.3V with input power of 

23dBm. The input power point is chosen as discussed in Class AB design. The input 
frequency is set to 3.5GHz. 
 
Figure 7.30 shows the result of load pull simulation. The estimated maximum efficiency is 

63.14% and maximum output power is 45.74dBm. The points for maximum efficiency and 
for maximum power output are different. Since our main concern is efficiency, maximum 
efficiency point is considered as optimum load. The optimum load to be presented to output 
end of transistor comes out to be 5.870-j*1.566Ω. Corresponding efficiency is 63.14% and 
output power is 43.94dBm. 
 
 

  
 
Figure 7.30(a):  PAE (red) and power (blue) contours         Figure 7.30(b): Drain efficiency 
 

 
 

Figure 7.30(c): Simulated load impedance from fundamental load pull simulation 
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7.4.1.2 Second Harmonic Load Pull Simulation 
 
The main requirement of Class J amplifier is tuning of second harmonic load. Second 

harmonic impedance must be set in such a way in order to increase the efficiency without any 
need to have a perfect short at higher harmonics as in case of class AB amplifier. Purpose of 
tuning second harmonic is to decrease power dissipation at second harmonic. Hence, as 
discussed earlier, second harmonic impedance must have real part zero while imaginary part 
inductive as fundamental load is capacitive. 
 
Figure 7.31 shows imaginary part of second harmonic load swept for finding PAE and 

delivered output power. The highest achievable efficiency is 69% but output power also 
increases above the needed. So to compromise between efficiency and output power 
impedance of j*17.89Ω is used. Values of efficiency and output power are 67.15% and 
44.8dBm respectively. 
 

 
Figure 7.31: PAE and Pdel as function of imaginary part of second harmonic load 
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Because we want to realize a class J power amplifier, we should choose a topology which 
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Z0 is the characteristic impedance of transmission line and ZL is the load at the end of the 
transmission line. It’s an open stub. So, ZL is infinite and the input impedance of transmission 
line is 0. That means other components behind this transmission will not affect the second 
harmonic load. So, if we only use reactive components before this transmission line, we can 
get a pure reactive load for second harmonic load. 
 
For the fundamental frequency (3.5 GHz), TL3 is like a capacitor:  = × 1× tan	( ) = × 1× 45 = − ×  

 
So, we can use the characteristic impedance of TL2 to tune the fundamental load and don’t 

affect the second harmonic load simultaneous.  
 
TL 2 blocks the influence of other components behind TL2 for second harmonic load. We 

need other components to match the fundamental harmonic load. Normally, the output load 
of power amplifier is 50 Ohms and the load we need is smaller than 50 Ohms. So, we can use 
a low pass matching network to transform the 50 Ohms load to the load we need. 
 
Since second harmonic tuning influences fundamental load, second harmonic load must be 

matched first and then fundamental load is tuned accordingly using low pass matching 
network. 
 
Figure 7.32 shows designed output matching network. Transmission line TL12 and capacitor 

C7 along with TL11 are used to tune second harmonic impedance. Next block is low pass 
network which shorts other higher harmonics and matches 50Ω load to desired load 
impedance. Figure 7.33 shows simulated fundamental and second harmonic impedances on 
smith chart. Figure 7.34 shows output matching network implemented using microstrip line. 
 
Table 7.5 shows impedance presented by output matching network to drain of transistor. 

 

 
 

Figure 7.32: Output matching network 
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Table 7.5: Impedance presented by output matching network 
 

 
 

Figure 7.33: Simulated load impedance. Fundamental (red), second harmonic (blue) 

 
 

Figure 7.34: Output matching network using microstrip line 
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7.4.3 Overall Circuit and its Verification 
 
7.4.3.1 Overall Circuit Design 
 
Using networks designed above are assembled to generate overall circuit of Class J 

amplifier. Figure 7.35 shows overall circuit of class j amplifier and figure 7.36 shows design 
implemented using microstrip line. RT Duriod(5870) with εr=2.23 is used as substrate with 
height of substrate 0.8mm and thickness of conducting surface 8 μm. 
 

 
 

Figure 7.35: Overall circuit of Class J amplifier 

 
Figure 7.36: Circuit implemented using microstrip line 

 
7.4.3.2 Verification 
 
Next step is to verify the circuit for output power and efficiency. Harmonic balance 
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simulation.  
 
For one-tone simulation, power is swept from -10dBm to 38dBm with biasing condition 

described earlier. Following are the results for one-tone harmonic balance simulations. 
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Figure 7.27 shows the maximum achievable power added efficiency is 67.36% and drain 
efficiency 69.36% at fundamental output power of 44.74dBm. 
 

 
 

Figure 7.37: PAE and Drain efficiency               Figure 7.38: Output power spectrum 
 

  
 

   Figure 7.39: Drain voltage spectrum   Figure 7.40: Drain current (red) and 
      voltage (blue) 

 
Figure 7.39 shows drain voltage spectrum. Second harmonic component is present at drain. 

The ratio of fundamental to second harmonic voltage is approximately equal to 3. This is one 
of the conditions for Class J amplifier which is satisfied. 
 
Figure 7.40 depicts drain current and voltage waveform. Current and voltage are out of 

phase by 180o due to the circuit topology. Since model is not giving access to the internal 
drain current, current waveform in figure 7.40 is truncated and only positive half is shown. 
Drain voltage waveform is half sinusoidal due to influence of second harmonic impedance.  
 

  
Figure 7.41: AM to AM conversion                         Figure 7.42: AM to PM conversion 
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Figure 7.41 and 7.42 shows effects of nonlinearity of internal components of transistor. 

Amplitude distortion (AM to AM conversion) can be accounted by using power input above 
1dB compression point. The problem is due to phase distortion. The nonlinear components of 
transistor like output capacitance are the main culprit to cause phase distortion. The minimum 
the value of AM-PM conversion better is the linearity of designed amplifier. At input power 
level of 23dBm, phase distortion is around -2o which is in range of acceptable level. In 
comparison with likely biased class AB amplifier, the linearity performance of Class J 
amplifier is upto mark and is in acceptable limits. 
 
Next step is to perform two tone harmonic balance simulation. This is performed to evaluate 

the amplifier performance under two signals spaced vey near. 
 
Two signal spaced apart by 100 kHz from each other are used as input in two tone 

simulation. ADS’s built in template is used for data display. Following are results obtained 
from two-tone harmonic balance simulation. 
 
Figure 7.26 shows maximum achievable efficiency increased to 56% under two tone 

condition as compared to Class AB amplifier. 
 

 
 

Figure 7.43: PAE (red) and gain (blue) for both tones 
 

 
 

Figure 7.44: Third order IMD                           Figure 7.45: Fifth order IMD 
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Third order harmonic and fifth order harmonic are -17dBc (figure 7.44) and -32dBc (figure 

7.45) at output level of 42dBm which are bit larger than corresponding Class AB amplifier. 
The non-linear component and intermodulation distortion is increased. 
 

 
 

Figure 7.46: Output spectrum and zoomed spectra for centre frequency of 3.5 GHz 
 
Class J amplifier is designed is giving performance superior to likely biased Class AB 

amplifier with efficiency of 67.36% and output power of 44 dBm. To implement above 
amplifier, physical layout is created. Physical layout is shown in appendix B. 
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Chapter 8 
Conclusion and Future Work 
 
8.1 Conclusion 
 
The main objective of this project was to design a highly efficient power amplifier using 

LDMOS technology. Two amplifiers are designed and analysed using 25W LDMOS 
transistor BLF6G38S-25 from NXP semiconductors at working frequency of 3.5GHz. 
 
First is class AB amplifier. The designed circuit gives efficiency of 62.5% with output 

power of 44.8 dBm. The linearity performance of this amplifier is within the limits to be 
accepted. 
 
Another is Class J amplifier. This harmonic tuned version of deeply biased Class AB 

amplifier gives the performance as per the design goal established. The power added 
efficiency of Class J amplifier is 67.36% with corresponding drain efficiency of 69.36% with 
maximum power output of 44.8dBm. 
 
As compared to likely biased Class AB amplifier, efficiency performance of Class J 

amplifier is more by nearly 5% at same output level. 
 
8.2 Future Work 
 
The layout developed using ADS momentum is not fabricated to develop physical circuit. In 

order to verify the designed circuit, physical circuit could be developed. Measurement taken 
form that circuit and simulation result will be compared. 
 
Since the model obtained form NXP is not perfect and is not providing access to internal 

drain current, perfect characterization was not possible. One can model the transistor using 
mathematical models in order to characterize LDMOS technology for high frequency 
application, 
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Appendix 
 
A: Layout of Class AB amplifier 
 
 
 

 
 

 
Momentum diagram of Class AB amplifier 

 

Visualization of above layout 
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B: Layout of Class J Amplifier 
 
 
 
 

 
 

Momentum diagram of Class J amplifier 
 
 

 
 

Visualization of above layout 
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